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Sum m ary o f  T h esis  
Introduction
O steoporosis is a n  increasingly  com m on condition leading to fragility frac tu res 
of bone. It m ay be age related , or have a  seeondary  cause . Over the  p a s t 
decade, new  preventative trea tm e n ts  have arisen , w hich need  to be targeted  to 
th e  population  a t h ig h est risk  of fracture. To achieve th is, bone asse ssm en t by 
densitom etiy  is perform ed, m ainly  u sin g  large, im m obile an d  expensive 
seanners, w hich u se  a  sm all dose of ionising rad iation . New, u ltraso u n d , 
devices have been  designed to  b e  portab le, less costly an d  avoid radiation. The 
m a in  po ten tial roles of densitom etry  devices are  initial a ssessm en t of risk  for 
fracture, follow u p  to define n a tu ra l h isto iy , to a sse ss  response  to trea tm en t, 
an d  as  a  su rrogate  end  po in t to a sse ss  efficacy of new  preventative trea tm en ts . 
It is n o t fully understood  how  u ltra so u n d  in te rac ts  w ith  bone, n o r how  
a lte ra tions to bone as  a  re su lt of age, d isease or trea tm en t will effect u ltrason ic  
m easu rem en ts.
Aims
To investigate the  in teraction  of tran sm itted  u ltra so u n d  w ith bone. To 
investigate how a lte ra tions to bone a s  a  re su lt of age, d isease or trea tm en t will 
affect u ltrason ic  m easu rem en ts. To a sse ss  the  likely efficacy of an  u ltra so u n d  
device in  any  of the m ain  roles of densitom etry . (These being initial a ssessm en t 
of r isk  for fracture, follow u p  to  define n a tu ra l history, to a sse ss  response  to 
trea tm en t, an d  as  a  su rrogate  end  po in t to a sse ss  efficacy of new  preventative 
trea tm ents.)
Methods
The device u sed  for th ese  investigations w as th e  "SoundScan 2000” (Myriad, 
Rehovot, Israel). This is  a  h an d h e ld  device, w hich u se s  one tran sm itte r and  two 
receivers a t  a  fixed d is tance  to  m ake m easu rem en ts, from th e  tib ia  of a  h u m a n
subject, of the velocity of tran sm issio n  of a  250kH z pu lse  over a  fixed 5- 
centim etre  d istance. To a sse ss  in teractions w ith bone, a n  in-vitro m odel w as 
developed u sin g  bovine u lna . This m odel w as a ssessed  for reproducibility, and  
th e n  sub jeeted  to m an ipu la tions  of tem peratu re , in terface th ick n ess  and  
decancellation.
To a sse ss  behav iour of th e  m easu rem en t in h u m an s, vo lun teers w ere used . 
Initial m easu re s  w ere m ade of reproducibility, and  variance w ith  repositioning 
an d  tem peratu re . A d a ta se t of no rm al individuals w as th e n  m ade to com pare 
an th ropom etric  an d  dem ographic m e asu re s  w ith b o th  existing densitom etric, 
an d  u ltra so u n d  m easu res.
V olunteers w ith  specific d isease  s ta te s  w ere th e n  assessed  (Paget’s d isease of 
bone, hyperparathyroid ism , glucocorticoid excess, soft tissu e  injury, bone 
in ju iy  and  fracture). This allowed a n  a ssessm en t of th e  response of u ltra so u n d  
to d iseases know n to affect bone. These sub jec ts  w ere com pared w ith  the 
norm al vo lun teer subjects, or w here appropriate, a  com parison  of the  affected 
an d  unaffected  limb w as m ade. D iscrim inatory  ability w as tested  u sing  th e  d a ta  
from  329 volunteers, of w hom  72 h ad  an  existing osteoporotie vertebral 
fracture. T hresholds w ere derived for u ltra so u n d  and  bone density  m easu re s  
u sing  the  norm al da tase t, and  th ese  w ere applied retrospectively.
Finally, as  p a r t of a  larger, prospective s tu d y  of th e  efficacy of a  d rug  
(clodronate) in  prevention  of osteoporotic fracture, vo lun teers h ad  u ltra so u n d  
an d  o ther densitom etric  m e asu re s  m ade before random isa tion  to placebo or 
drug. D uring 3-year follow up , fu rth e r m easu res  w ere m ade. T h u s it w as 
possible to eom m ent on th e  su itab ility  of u ltra so u n d  tran sm issio n  velocity 
m easu rem en t as  a  su b s titu te  for th e  m a in  roles for densitom etry .
Results
The in-vitro m odel confirm s th e  good reproducibility  of th e  device, b u t  also its 
sensitivity  to tem p era tu re  change. The m odel of in terface th ick n ess  suggests 
th a t th is  is potentially  a n  im p o rtan t confounding variable. D ecancellation of th e  
bone m ade no difference to u ltra so u n d  tran sm issio n  velocity.
In h u m a n  volunteers, reproducibility  w as also good. T em peratu re variance did 
n o t m easu rab ly  oceur, an d  repositioning error w as non  signifieant. The d a ta se t 
from  norm al vo lun teers show ed th a t  u ltra so u n d  velocity, like o the r 
densitom etric  m easu res, h ad  a n  age rela ted  decline, and  w as system atically  
g reater in  m ales th a n  in  fem ales. Norm al ranges were estab lished  as  the  b as is  
for s tan d a rd  deviation b ased  Z an d  T scores.
V olunteers w ith  specific d isease s ta te s  produced in teresting  resu lts . In Paget’s 
d isease  of bone, the  affected leg w as found  to have g reater bone m ineral con ten t 
an d  density  th a n  th e  unaffected  leg, b u t  a  significantly lower u ltra so u n d  
velocity. N either vo lun teers  w ith  u n ila te ra l soft tissu e  injury, no r u n ila te ra l 
bone in jury  dem on stra ted  any  re s id u a l side-to-side differences afte r 1 year. The 
device proved to be im possible to u se  for the m easu rem en t of fractu re healing. 
In bo th  hyperparathyro id  and  hyperglucocorticoid sta tes , u ltra so u n d  velocities 
were reduced  com pared  to no rm al ranges. The reduction  w as relatively g reater 
in hyperparathyroid ism . The ability to  d iscrim inate betw een indiv iduals w ith  
an d  w ithou t a  vertebral frac tu re  w as as  good as  o ther densitom etry . W hen 
com bined m odels w ere m ade u sin g  logistic regression, u ltra so u n d  velocity 
m ain ta ined  a  degree of d iscrim ination  independen t of bone density  
m easurem en t.
In th e  3 -year s tu d y  group, re su lts  w ere disappointing. In n e ith er th e  placebo, 
n o r the  trea tm e n t group w ere any  significant changes found a t  any  tim e point. 
O ther bone density  m easu re s  declined in  th e  placebo group and  significantly 
increased  in  trea tm e n t group, even after one year.
Conclusions
This w ork h a s  show n th a t  u ltra so u n d  velocity is a  stab le  an d  reproducible 
m easure , w hich is system atically  h igher in  m ales th a n  fem ales, declines in  an  
age re la ted  m a n n e r an d  h a s  th e  po ten tia l to d iscrim inate betw een individuals 
w ith  and  w ithou t certa in  d isease  s ta tes . Specifically those s ta te s  are  
osteoporosis, hyperparathyro id ism , hyperglucocorticoidism , and  Paget’s d isease 
of bone. This w ork h a s  also show n th a t  u ltra so u n d  velocity m easu rem en ts  
rem ain  stab le  over periods of a t  le a s t th ree  years, in sp ite of m easu rab le  decline
of bone m ineral density  in  th e  sam e tim e period. In addition, u ltra so u n d  
velocity h a s  n o t show n any  change in  response  to trea tm e n t w ith  the 
b isphosphonate , clodronate, in  sp ite  of a  m easurab le  rise in  bone m ineral 
density.
It can  be concluded th a t  u ltraso n ic  m easu rem en t u s ing  th e  “S oundS can  200 0 ” 
m ay be of som e u se  for in itia l a sse ssm e n t of risk  for fracture. The device h a s  
show n no po ten tia l for u se  in  th e  o the r roles of densitom etry.
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Introduction  -  The Im portance Of O steoporosis
We find ourselves, in  a  new  m illennium , facing a n  epidem ic of frac tu res  as  a  
consequence of skeletal failure. L andm ark  stud ies have (Gallagher 1980, K anis 
1992, Boyce 1985) identified the  exponential rise in  frac tu res  of the  hip and  
verteb ral body w ith  age. The discovery th a t  the  R ochester com m unity  h ad  ra te s  
of h ip  fractu re  as  h igh  a s  one in  six elderly m en an d  one in th ree  elderly w om en 
generated  renew ed in te re s t in  th e  clinical m anagem ent of osteoporosis 
(Gallagher 1980). In add ition  to the  h u m a n  costs the  financial b u rd en  w as 
enorm ous. It w as estim ated  th a t  in th e  U nited S ta tes  of A m erica alone 1.2 
m illion frac tu res  occurred  annually . The costs of trea tm e n t w ere estim ated  in 
1986 to be 6.1 billion dollars in  th e  U S, an d  0 .614 billion p o u n d s  sterling  in  
the  UK (Kanis 1992). A m ore recen t estim ate  from the  UK p u t th e  to ta l cost of 
trea tin g  osteoporotic frac tu res  in  th e  fem ale population  a t  727 m illion p o u n d s 
sterling  (Dolan 1998).
In o rder to control a  d isease w ith  a  lag tim e of decades, it  is necessary  either to 
have a  un iversal p reventative m easu re , or to have a  techn ique to allow tim ely 
identification of individuals a t  r isk  an d  th u s  ta rge t early trea tm en t.
To da te  no preventative m e asu re  h a s  show n itself to be  in  any  u sefu l way 
universal. Like so m any  in terven tions it w ould seem  th a t  any  trea tm e n t w ith  a  
low enough side effects profile h a s  only lim ited efficacy. Those pharm aceu tica ls  
w hich have show n them selves to be efficacious suffer th e  d isadvan tage either of 
cost or of a n  excessive ra te  of adverse events. (Kanis 1994)
It w ould seem  therefore th a t the  b e s t hope for d isease control lies in  targeting  
high risk  groups. High r isk  re la tes  to race, sex, family history , an d  general 
health , m obility an d  risk  of falling a s  well a s  to the  underly ing  fragility of the  
skeleton (Porter 1990). M easures are  available for m o st of th e se  aspec ts  of r isk  
(Kanis 1994). The la s t two decades have seen  a  proliferation of physical 
m easu rem en ts  of skeletal streng th . M ost of th ese  have a ttem p ted  to rela te  th e  
calcium  co n ten t of bone to the  fu tu re  r isk  of fracture. B ecause osteoporosis is a  
d isease w hose definition inc ludes th e  loss of bone m ass, th is  does seem  to  be 
a n  appropria te  approach .
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The two broad  groups of m e asu rem en t techn iques are
1 The m easu rem en t of pho ton  abso rp tion  by calcium  in  th e  skeleton  and
2 the  m easu rem en t of abso rp tion  of so u n d  energy by  the  com posite of w ater, 
fat, p ro tein  an d  calcium  hydro^yapatite  crystals  th a t  m ake u p  locom otor 
tissues .
P otentia l A dvantages o f  U ltrasound
Both of these  m ethodologies have considerable m erit. There are  however 
certa in  problem s w hich m ay  be  addressed . It h a s  been  show n th a t  bo th  of 
th ese  approaches p roduce re su lts  w hich are  site specific in  te rm s of frac tu re  
predic tion  (C unningham  1996). More recently  it h a s  been  ap p a re n t th a t  som e 
trea tm e n ts  w hich increase  bone density  m easu rem en ts  m ay in  fact reduce the 
ability of the  skeleton to  re s is t frac tu re  (eg Fluoride) (Riggs 1990). This paradox  
m ay be explained w ith reference to  arch itectu re; b o th  m icro -struc tu re  and  
gross s tru c tu re . In the  s tu d y  of engineering it is recognised th a t  a  co n stru c t's  
s tren g th  is re la ted  to b o th  th e  p roperties of the  m ateria l u sed  and  to the  
s tru c tu re  or sh ap e  into w hich  it is formed. For exam ple, th e  m ateria l properties 
of eggshell are  relatively poor, b u t  w hen  eggshell is form ed in to  a n  egg sh ap e  it 
can  re s is t large forces. Conversely, a lum in ium  is th o u g h t of a s  being strong, 
b u t  we are fam iliar in  o u r daily lives w ith  being able to shape  an d  fold 
alum in ium  foil w ith  ease  b ecau se  th e  s tru c tu ra l properties of a  th in  sh ee t are 
poor.
In th e  sam e way, bone m ay suffer excessive fragility due to  failings of e ither the 
m ateria l from w hich it is m ade or of the  s tru c tu re  in to  w hich  th e  m ateria l is 
formed. In p rim ary  osteoporosis th e  m ateria l is in  fact norm al in  te rm s of 
collagen, m ineral type and , a t  a  cellu lar level, m ineral density  (Albright 1979). It 
is the  s tru c tu re  w hich is deficient. T here is less bone in  to ta l and  th is  bone 
m u s t fill e ither th e  sam e to ta l volum e or m ore u sually  a  g reater volum e after 
endosteal resorp tion  and  periosteal expansion  h a s  ta k en  place in  old age. As a  
consequence, the  netw ork  of trab e cu la r  bone becom es first th in n e r an d  
eventually  d iscon tinuous. A t the  sam e tim e the  cortical shell becom es th inner. 
The cortical th inn ing  is offset to  som e ex ten t by  the  im proved s tru c tu ra l featu re 
of a  larger d iam eter cylinder.
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B ecause the  skeletal fragility caused  by osteoporosis is so complex, it  is elear 
th a t  a  pu re  absorp tiom etric  techn ique can  only reflect the  changes of 
osteoporosis indirectly. Ideally a  techn ique  for m easuring  or assessin g  fractu re  
risk  shou ld  be sensitive to a rch itec tu ra l changes a s  well. U ltrasound  
absorp tion  techn iques have gone som e w ay tow ards addressing  th is. Only os 
calcis u ltra so u n d  (B roadband U ltrasound  A ttenuation  and  speed  of sound) is 
cu rren tly  recognised a s  a  usefu l an d  reliable u ltra so u n d  techn ique [M eunier 
1996]. It h a s  as  the  advan tage of assessing  a  w eight-bearing site w hich  is 
easily accessib le physically an d  is socially acceptable. Speed of so u n d  is a  
relatively sim ple concept to u n d e rs tan d . As th e  sound  wave travels th ro u g h  the 
com posite s tru c tu re  of the  heel it will travel fas te r in  m ateria l w hich is m ore 
dense. This is a  physical charac teristic  of sound  transm ission . In th e  h u m a n  
body the  m ajor portion  of all tissu es  is w ater. Bone is a n  exception due to the  
solid p h ase  crystalline s tru c tu re . Therefore the  two m ain  d e te rm in an ts  of speed 
of so u n d  are  th e  proportion  of bone to soft tissu e  an d  th e  d irec tness of the  
pathw ay  th rough  th e  os calcis.
BUA is a  significantly m ore com plicated approach . It w as originally observed 
(Langton 1984) du ring  os calcis speed  of sound  experim ents th a t  a tten u a tio n  of 
th e  u ltra so u n d  pu lse  becam e quite m arked  a t frequencies g reater th a n  1 
M egahertz (Mhz). It w as observed w ith  sam ples con tain ing  a  larger qu an tity  of 
bone, th a t  significant a tten u a tio n  occurred  a t  lower frequencies. From  these  
observations it w as ex trapo lated  th a t  a  slope could be p roduced  of a tten u a tio n  
over a  range of frequencies an d  th a t  th is  slope m ay quan tify  an  im po rtan t 
aspec t of bone streng th . Langton th e n  show ed th a t  the slope of BUA correlated  
very well w ith  bone density  b o th  in  bovine and  h u m a n  sam ples.
P oten tia l o f C ortical M easurem ent
It is believed th a t  th e  m a in  source of a tten u a tio n  is sca tte ring  an d  particu larly  
back -sca tte ring  of so u n d  energy due  to reflection from trab ecu la r bone. It 
w ould th e n  follow th a t  in  hea lthy  individuals m ore trab ecu la r bone w ith  g reater 
connectivity will be p re se n t an d  th a t  these  individuals will therefore have 
h igher a tten u a tio n  an d  therefore a  s teep e r slope.
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It can  be seen  th a t  a lthough  BUA w ould hopefully include som e inform ation 
regain ing  s tru c tu re  as well a s  m ineral content, em pirieal experim ents show  a 
very good eorrelation  w ith  physically  m easu red  bone density  (Langton 1996). It 
m ay be the  case th a t  BUA is n o t telling u s  anyth ing  different. A nother po ten tia l 
problem  is th a t BUA is m easu red  a t a  trab ecu la r site. It is im p o rtan t to 
rem em ber th a t the  cortical shell also  con tribu tes to fractu re  resistance . CT 
densitom etry  experim ents an d  observations on th e  d ista l rad iu s  suggest th a t  a t  
th is  site  th e  m ineral co n ten t of th e  cortical shell is equivalent to the  m ineral 
co n ten t of the  trab ecu la r bone, an d  th a t  it m akes a n  equal or g reater 
con tribu tion  to s tren g th  (Spadaro 1994). Sim ilar observations have been  m ade 
for o ther sites (Vesterby 1991, Rockoff 1969).
W ith cuiTent technology it seem s th a t  a n  u ltraso u n d -b ased  device is th e  m ore 
likely to  give som e reflection of skeletal arch itec tu re . In w hichever m ode 
u ltra so u n d  is u sed , the  trab e cu la r  th ick n ess  and  connectivity and  th e  cortical 
bone envelope are in tegral d e te rm in an ts  of the  resu lt. H igh-resolution QCT 
m ay be able to provide a rch itec tu ra l inform ation down to a  reso lu tion  of 
m illim etres. However, u n le ss  volum etric and  finite elem ent m odelling analysis 
is u sed  QCT suffers from  varia tion  from one axial section  to th e  nex t an d  
com parison  betw een individuals is  com plicated by th e  decision of w hich axial 
section  to analyse (Flynn 1993). One very recen t cadaveric s tudy  w ith  QCT 
dem onstra ted  a  10% varia tion  w ith  only a  4m m  disp lacem ent of the  specim en 
(Nagele 2004). A nother recen t cadaveric s tu d y  of QCT an d  DXA h a s  exam ined 
failure load of th e  rad iu s . DXA correlated  very well w ith  failure load, and  
com binations w ith QCT only im proved on th is  w hen QCT cortical th ickness w as 
u sed  (H udebnaier 2004). A con tem porary  review h a s  suggested  th a t con tinued  
im provem ents in  volum etric QCT an d  high reso lu tion  M agnetic R esonance 
Im aging are  m aking  non-invasive im aging of trab ecu la r bone m ore feasible 
(Link 2002).
Os calcis u ltraso u n d , w hilst usefu l, h a s  n o t show n itse lf to be  any  m ore 
effective th a n  pho ton  absorp tiom etric  techn iques in  predicting  fracture. It does 
have a n  advantage in  te rm s of cost, portability, and  reduction  of ionising 
rad iation .
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As m entioned  previously, som e recen t evidence su p p o rts  th e  concept th a t 
a lthough  osteoporotic frac tu res  tend  to occur in  a rea s  of predom inantly  
trab ecu la r bone, th e  cortical envelope h a s  a  m ajor role to play in  resisting  
fracture, A 1977 s tu d y  (Saha 1977) show ed th a t  th e  % a re a  of cortical bone 
filled w ith secondary  osteons h ad  a n  inverse linear re la tionsh ip  to th e  u ltim ate  
s tren g th  of h u m a n  cortical bone specim ens. F u rth e r evidence of the  im portance 
of cortical bone re la tes  to m e asu rem en t of the  ratio  of cortical bone to to tal 
bone d iam eter in  the  m e taca rp a ls  (G arn 1976). There are  m arked  changes in  
cortical th ickness th ro u g h  life, w hich  m ay be detected  a s  early  as  the  six th  
decade.
If we are  to Improve u p o n  c u rre n t m ethods for targeting  those  a t r isk  of 
osteoporotic fracture, it w ould seem  th a t  th e re  are several ro u tes  w hich deserve 
fu rth e r exploration. It is appropria te  to exam ine the  u se  of u ltraso u n d , a s  th is  
seem s the m o st likely techn ique to  provide usefu l a rch itec tu ra l inform ation. 
The role of cortical bone in  re s is tan ce  to fractu re  shou ld  also be studied . 
Finally, th e  com bination of u ltra so u n d  an d  absorp tiom etry  a t cortical and  
trab ecu la r s ites  m ay be able to perform  b e tte r th a n  e ither w ould alone. The 
S o u n d sean  2000 (Myriad, Rehovot, Israel) is a  device w hich m easu re s  
u ltra so u n d  tran sm issio n  velocities th ro u g h  cortical bone. It is the  aim  of th is  
th e sis  to a sse ss  its  perform ance, b o th  alone and  in  com bination w ith  o ther 
techniques.
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Theory
If we are  to believe th a t  u ltra so u n d  h a s  the  ability to a sse ss  the  s treng th  of th e  
skeleton, th e n  we m u s t have som e su p p o rt from  physics, an d  som e 
u n d ers tan d in g  of th e  relevant biology.
Sound  is the  tran sm issio n  of energy th ro u g h  a  m edium  as  a  p ressu re  wave. 
U ltrasound  denotes th a t  th e  frequency of the wave is above the  th resho ld  for 
h u m a n  hearing. A wave h a s  the  properties of w avelength, frequency and  
velocity. For a  given velocity, the  w avelength and  frequency are  inversely 
related.
The velocity is a  vectorial m easu rem en t of d is tan ce /tim e . In biology, the  
pathw ay  of the  sound  wave is often indirect, and  m easu rem en t of th e  tim e 
travelled s ta r ts  prior to the  signal en tering  bone and  ends a t  a  po in t after the 
wave front h a s  left the  bone. For th e se  reasons, th e  preferred term inology m ight 
b e tte r  be apparient velocity o r speed  of sound  (speed is a  sca la r m easure), and  
th e  in h e ren t inaccuracy  shou ld  be recognised. For simplicity, th is  w ork u se s  
the  word velocity w hilst recognising its  lim itations.
In physics, the  velocity depends u p o n  th e  density  an d  elasticity  of th e  m edium , 
an d  tliese in  tu rn  are  affected by tem peratu re .
The equation  e=pc2
expresses th is  rela tionship , w here e is the  m odu lus of elasticity, p is density, 
and  c is th e  velocity of th e  so u n d  wave. This holds tru e  for a  solid in  w hich the  
cross sectional d im ensions are  sm aller th a n  the  w avelength. In cortical bone, 
the  velocity (c) is betw een 3000 and  4000m s  ^ an d  a t  a  frequency (f) of 250KHz 
th is  w ould give a  w avelength (A,) according to the  equation  v = fA, of 0 .012- 
0 .016m  or 1 .2 -1.6cm. If a  w hole bone is to be considered a s  one solid an d  is 
m easured , th e n  th is  is n o t acceptable. If however th e  cortical envelope or the  
individual trabecu lae  are  th e  subject, th e n  these  are  of significantly sm aller 
d im ension th a n  th e  w avelength.
As c^= e /p
it can  be seen  th a t as  m odu lus inc reases  (i.e. the  m edium  becom es m ore rigid) 
so does th e  velocity. A pparently, a s  density  increases, so velocity decreases.
This is a  difficult s ta rtin g  po in t w hen  try ing to  u n d e rs ta n d  w h a t speed of so u n d  
is actually  m easuring . It is n ecessary  to u n d e rs tan d  th a t  the re  exists a  very
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strong  re la tionsh ip  betw een elastic  m odu lus an d  density. In bone, th is  h a s  
been  directly m easu red  (Lee 1997) and  a  correlation of r^ = 0 .89  w as 
estab lished  for cortical bone from th e  h u m a n  tibia.
M easurem en ts of th e  m odu lus and  the density  from m ultip le sam ples of h u m a n  
cadaveric bone from  sp ine and  fem ur (Keller 1994) show ed a  w ide range of 
values for both . M odulus varied in  th e  range 0.1- 10 G igaPascal (Gpa) and  
density  in  th e  range 0.2 - 2 .0  gcm-^ in  fem oral cortical bone. Overall, varia tion  
w as from  0.001 - 10 G Pa for m odu lus and  0 .05 - 2 .0  gem   ^ for density , w hen  
sp ina l trab ecu la r an d  fem oral cortical bone were included. The correlation 
betw een % m ineral (ash w e ig h t/d iy  weight) and  m odu lus in  th e  fem oral cortical 
bone w as r^ = 0.849. B etw een density  (ash w eight/volum e) an d  m odulus, again, 
r2 = 0.849. A q u ad ra tic  rela tionsh ip  w as u sed  for th is  correlation, b u t  for a  
linear equation  correlation  w as still very close; r^ = 0.707.
This ind icates the  su b tle ty  of th e  re la tionsh ip  betw een u ltra so u n d  velocity an d  
th e  m echan ical p roperties of bone. It is unlikely th a t  an  u n m a tch ed  change 
w ould occur in  density , a s  th a t  very change w ould influence th e  m odulus. 
C laim s th a t  u ltra so u n d  velocity reflects the  density  of bone directly seem  to be 
unlikely to  prove tru e , a s  e /p  w ould seem  to be very close to  a  constan t. Even if 
we accep t th a t  th e  e: p rela tionsh ip  is non-linear, an d  th a t  a t  h igher densities 
th e  m odu lus s ta r ts  to predom inate  (leading to h igher velocity), th e  velocity will 
be an  unreliab le  m easure ; being a  sq u are  root of the  ra tio  of a n  exponential 
function. The role of th e  equation  [e=pc2] is a lm ost certain ly  overstated. W hat it 
p robably  does is to p red ic t th e  general velocity of sound  in  bone, w h ilst several 
o the r m ore im p o rtan t factors d ic tate  the  ac tua l velocity m easured . It is th e se  
factors w hich we will now  consider.
Cortical T h ick n ess
In a  m ateria l of infinite size, a  so u n d  wave will travel w ithou t reflection and  
w ith o u t sh ea r waves. As th e  th ick n ess  of the  m edium  decreases tow ards the  
w avelength of th e  so u n d  wave, sh e a r w aves appear. T hese travel a t lower 
velocity th a n  longitudinal waves. If th ese  are  m easu red  inadverten tly  th e n  a  
falsely low estim ate  of velocity will be m ade. One of the  m ain  fea tu res of cortical 
bone in  the  ageing popula tion  is  th e  change in  cortical th ick n ess  due  to
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endostea l reso rp tion  a n d  (in men) periosteal modelling of new  bone. (M artin 
1977, Ruff 1988) It m ay be  a  featu re  of bone ageing w hich is ac tually  w orth  
m e asu n n g  ra th e r  th a n  a n  arte fact to be ignored.
Cortical M ineralisation
E xperim ents w here bone specim ens have been  deliberately dem ineralised  
(Tavakoli 1991) have show n large reductions in  u ltra so u n d  tran sm issio n  
velocity of th e  o rder of 10 - 30%. W hilst it could be argued  th a t th is  is n o t a  
featu re of osteoporosis, th e re  are  s itu a tio n s  w here it m ay co-exist. Rem odelling 
p rocesses in  th e  elderly are  charac terised  by delayed m ineralisa tion  of new  
osteoid (Villanueva 1983). There is a  rise  in  parathyro id  horm one (PTH) w ith 
age (B enham ou 1991). T his is sa id  to be secondary to poor calcium  absorp tion  
an d  subop tim al v itam in  D levels, particu larly  in  n o rth e rn  coun tries su ch  a s  tire 
UK. In these  c ircum stances, som e m ineralisa tion  deficit m ay be expected. 
H istom orphom etric evidence (Arnala 1997, R apin 1982) from  fem oral bone 
sam ples retrieved a t h ip  frac tu re  surgery  found ju s t  su c h  a  m ineralisa tion  
defect in  betw een 2 and  25%. In  addition, if a  s itu a tio n  of fran k  osteom alacia 
w ere to exist, it w ould be  ju s t  as  im p o rtan t to identify and  trea t.
Cortical Porosity
It h a s  been  noted  in  histological s tu d ies  (Albright 1979) th a t  there  is a n  age 
dependen t increase in  secondary  osteons. It h a s  also been  show n th a t  the  
m echan ical s treng th  of cortical bone sam ples is inversely rela ted  to th e  % area 
of the  cortex occupied by  secondary  osteons (Saha 1977). This s tudy  
dem onstra ted  a  50% decrease in  u ltim ate  s tre ss  a s  "porosity" rose from 10% to 
70%.
A com parison  w as m ade (Katz 1984) of u ltra so u n d  tran sm issio n  in  prim ary  
osteonal and  secondary  osteonal bone and  concluded th a t  a  difference does 
exist, and  th a t  p rim ary  osteonal bone h a s  a  h igher m odulus. In an  in-vitro 
s tu d y  of the  equine 3^ '^  m etaca rp a l (M cCarthy 1990), po rosity -m easured  a s  the 
% area of osteon  canals- w as well correlated, inversely, to u ltra so u n d  velocity r  
= 0.773. However, physical m e asu re s  of w et bone density  were also closely 
inversely rela ted  to  porosity, r  = 0 .857. A strong correlation also existed
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betw een u ltraso u n d  velocity and  density; although th is  w as graphed, no 
Pearson  correlation “r  “ w as docum ented. In a  fu rth er refinem ent, the  
u ltra so u n d  velocity and  bone densities were com pared in a  young and  an  
elderly group w ith  m atched  % porosity. A lthough porosity w as m atched , both  
u ltraso u n d  velocity and  density  were lower in the younger group. 
U nfortunately, the  converse experim ent - w here age and  density  m atched  
groups are  com pared for porosity and  u ltraso u n d  velocity - w as not perform ed.
It is no t c lear from these  s tu d ies  w hether porosity h a s  an  effect on u ltra so u n d  
tran sm issio n  velocity. This is because , like so m any elem ents of bone quality, 
varia tion  in porosity occurs concom itan t w ith o ther changes su ch  as  those in 
m odulus, density, m ineralisa tion  and  cortical th ickness. A m odel of porosity 
based  on a  cross section of population  for sam ples w ould find it difficult to 
control for these  factors.
In addition, a  m anufac tu red  model of porosity due to longitudinal tu n n e ls  in an  
otherw ise hom ogeneous m ateria l does not exist for cortical bone - a lthough  
m odels based  on grain  size do exist for trab ecu lar bone (Hodgkinson 1996). 
D espite th is, it is persuasive to believe th a t an  increase in % area of secondary 
osteons will reduce the  to tal surface area  available for sound  transm ission . In 
m uch  the sam e way as  reducing  cortical th ickness, th is  w ould p roduce sh ea r 
waves, and  a  lower u ltra so u n d  velocity.
Figure 2.1 C ross sectional histology of cortical bone illu stra ting  the  variation  
in size an d  orien tation  of osteons
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H aversian D iscon tin u ity
At b irth , cortical bone is m ade a lm ost exclusively of p rim ary osteons. T hese are 
narrow  cana ls  cen tred  on v ascu la r supply  su rro u n d ed  by a  few layers of 
lam ellar bone. T hroughou t life, rem odelling occurs, replacing prim ary osteons 
w ith secondary osteons (H aversian system s). The secondary osteons rem ain  
cen tred  on the vascu la r supply, b u t are  w ider and  are su rro u n d ed  by m ore 
layers of lam ellar bone. The BMU (variously described a s  Basic M ulticellular 
U nit [Frost 1973], Bone Modelling U nit and  Bone M etabolic Unit) is the 
m echanism  w hich is responsible. The control system  is incom pletely 
understood, b u t does seem  to be triggered by local s tra in  engendered by 
loading, and  repa ir of fatigue dam age. A cylinder of existing bone is removed 
lengthw ays by a  group of o steoclasts  - the  cu tting  cone. The space is th en  filled 
in, u sually  incom pletely, by an  advancing  group of osteoblasts. The osteons 
vary in length up  to approxim ately 10mm. As m ore secondary osteons occupy 
the  bone, the con tinu ity  of the  longitudinal prim ary osteon system  is d isrup ted . 
This p resen ts  a  sound  wave w ith a  less d irect pathw ay, and  potentially a 
g reater n u m b er of in terfaces to cross; th u s  increasing  tra n s it time.
This is again difficult to prove, becau se  osteon m apping is a  tim e consum ing 
activity, and  insufficient d a ta  exist on ac tua l osteon pathw ays, and  m uch  of 
th is  in dogs. (Cohen 1958, E nneking  1972).
It h a s  certain ly  been  show n th a t sam ples from the  sam e bone w ith m ore 
prim ary osteonal s tru c tu re  th a n  secondary  osteonal s tru c tu re  have significantly 
h igher tensile s treng th . (Vincentelli 1985).
Figure 2.2 In terconnected  osteon  system s produce an  ind irect pathw ay for 
u ltraso u n d
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Fatigue Dam age
It is know n th a t  fatigue dam age m ay occur in  any  s tru c tu re  su b jec t to repetitive 
loading. It h a s  been  show n th a t  bone con ta in s identifiable fatigue dam age in  
the  form  of "microcracks" (Schaffler 1990,B u rr 1998). It h a s  also been  show n 
th a t  fatigue dam age is associa ted  w ith  a  reduction  in  elastic  m odu lus and  
s tren g th  on m echanical testing. (C arter 1977, C arter 1985). W hilst there  is no 
d irect evidence th a t  th is  reduces u ltra so u n d  tran sm issio n  velocity in  bone, the  
techn ique of u ltra so u n d  tran sm issio n  h a s  been  u sed  in  in d u s tria l n o n ­
destructive testing, particu larly  to identify fatigue dam age in  engineering. The 
first su ch  device w as th e  “S uperson ic  Reflectoscope” p a ten ted  in  1941 by Floyd 
A. F irestone of th e  U niversity of M ichigan, USA. There is every theoretical 
reaso n  to believe th a t  m icro fractu res in  bone will m ake the  pathw ay  for sound  
less d irect and  create ex tra  in terfaces for it to cross, therefore reducing  velocity.
Î
ni l  ni l
Figure 2.3 D em onstrating  how  the  pathw ay  and  signal a tten u a tio n  m igh t be 
affected by propagating  fatigue fractu re
The figure gives a  d iagram m atic  rep resen ta tio n  of in terconnected  osteons. It 
show s from  left to righ t how  a  p ropagating  crack  m igh t force a  so u n d  wave to 
take a  less d irect pathw ay, an d  eventually  in te rru p t conduction  altogether.
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H aversian O rientation
It h a s  been  show n th a t  u ltra so u n d  velocity is m arkedly  affected by th e  direction 
of so u n d  tran sm issio n  in rela tion  to th e  orien tation  of H aversian  system s (Kann 
1993). These investigators found a  reduction  in  velocity of a ro u n d  25% w hen 
tran sm issio n  w as perpendiculai* to ra th e r  th a n  parallel to the  longitudinal axis 
of th e  sam e bone sam ples. It seem s unlikely th a t H aversian  o rien ta tion  will 
change in an  individual du ring  th e ir lifetime, and  th is  phenom enon  h a s  never 
been  reported. It is  possible, however, th a t  differences exist betw een individuals 
an d  could in troduce quite large errors. In addition, it m u s t be kep t in  m ind  th a t 
th e  operato r of a n  u ltra so u n d -b ased  device can  in troduce significant e rro rs if 
longitudinal o rien tation  is im precise.
Figure 2 .4  D em onstrating  the  p roposed  effect th a t  the  d irection of an  
u ltra so u n d  wave m ight have on th e  n u m b e r of in terfaces th a t  it w ould cross.
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In conclusion, there  do ex ist several theoretical reasons for a  variety  of 
properties of bone to influence the  velocity of u ltra so u n d  transm ission . 
W hereas those  techn iques m easu rin g  bone properties w ith  pho ton  
absorp tiom etric techn iques m ay say  th a t  they  are m easu ring  m ineral content, 
it is n o t possible to say  th is  ab o u t tran sm issio n  u ltraso u n d . Certainly, m ateria l 
density  an d  m od u lu s  p lay  a  role, b u t  it is vital to rem em ber th a t  theoretical 
physics deals w ith  perfect, hom ogeneous solids, an d  tlia t bone is n o t one of 
th ese  - contain ing  several levels of o rgan isation  an d  s tru c tu re , from  collagen 
fibre orientation, th rough  H aversian  system s u p  to cortical th ick n ess  and  
shape. B ecause of th is, it is difficult to find a  m easu re  of "accuracy" aga in st 
w hich to com pare u ltra so u n d  in  th e  sam e way, for in stance, a s  a sh  
w eight/volum e will give a  gold s ta n d a rd  m ineral density  ag a in st w hich to 
m easu re  th e  accuracy  of pho ton  absorptiom etry. There is no d o u b t th a t 
u ltra so u n d  tran sm issio n  velocity is  governed by several in ter-re la ted  factors 
w hich  have a  bearing  on  bone s treng th , b u t  it m ay be th a t  the  sy n thesis  of 
th ese  factors reflects "bone age" and  m ay  only be validated  aga in st prospective 
s tu d ie s  of fractu re  risk.
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Introduction
There is a  large lite ra tu re  on  u ltra so u n d  an d  therefore references have been  
selected in  order to enligh ten  th e  th o u g h t p rocess beh ind  th e  methodology. The 
section  h a s  been  subdivided w ith  th is  in  m ind.
H istorical work is p resen ted  first. Early a ttem p ts  to m ake u se  of u ltra so u n d  
tran sm issio n  velocity w ere m ade for a n  enorm ous variety  of tissu es  from m any  
species, and  w ith  differing m ethods of p reparation . This dem onstra ted  
feasibility, and  gave a  general range for velocities in  m am m alian  calcified 
tissue .
Early hum an work d em onstra ted  th a t  m easu rem en t w as possible in-vivo, and  
th a t  a  general range of velocity also existed in  h u m an s. S tud ies w ere n o t able to 
show  discrim ination  betw een broadly  different g roups su c h  as  m ales an d  
fem ales. However, th e  specific d isease s ta te  of flourosis w as associated  w ith 
values different from a  norm al group. V ariation w as d em onstra ted  according to 
site  of m easurem en t.
The pathw ay tak en  by the  fa s te s t u ltra so u n d  wave h a s  been  th e  focus of some 
investigators. It is clearly im p o rtan t w hen  explaining som e of th e  varia tions 
observed.
A nother source of exp lanations of variance is the  p h ysica l properties of the  
calcified tissue. D ensity, anisotropy, porosity  and  elastic  m odu lus have been  
exam ined. Som e au th o rs  repo rt s trong  correlations, b u t  o thers  do not. There 
are  always som e lim itations of m ethodology. It is clear th a t  bone is anisotropic, 
an d  therefore, th e  d irection of m easu rem en t will have consequences for 
m easu rem en ts  of bo th  u ltra so u n d  velocity and  m odu lus of elasticity.
M odem  stu d ies  have u sed  com m ercial devices, or a  s tan d ard ised  
experim ental device to look m ore closely a t the  range of m easu rem en ts  in  a  
popula tion  an d  how  it re la tes  to d isease  an d  fractu re risk. C orrelations betw een 
different m ethods of densitom etry  have been  m ade in  som e popula tions. M ost 
recently, a ttem p ts  have been  m ade to estim ate  fractu re risk  prospectively u sing  
u ltra so u n d  velocity.
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H istorical
The earliest repo rts  on  the  u se  of u ltra so u n d  on skeletal tissu e  were 
observations m ade in  th e  la te  1940's and  early 1950's (Goldmem 1956), som e in  
G erm an language publications. In 1949, T heism ann  (quoted in  Goldman) u sed  
a  0 .8  MHz signal on  fresh  h u m a n  sku ll a t  body tem pera tu re . A velocity of 
3360m s 1 w as recorded. No estim ate  of precision w as m ade. H eu ter (quoted in  
Goldman) m easu red  a tten u a tio n  of u ltra so u n d  in  sku ll bone u sin g  frequencies 
in  the  range 0.6  - 3 .5  MHz. The bone w as of m ixed origin. It w as all h u m an , b u t  
som e w as fixed an d  som e w as fresh. The d a ta  from b o th  th ese  s tu d ies  w ere 
su b sequen tly  pub lished  in  ta b u la r  form  in  G oldm an’s 1956 report.
A second tab u la ted  rep o rt (Goss 1978) reviewed 144 publications of physical 
reference d a ta  reporting  tran sm issio n  u ltra so u n d  velocity in  biological tissue . 
84 were reporting on skeletal tissue , 30 m am m alian  an d  54 h u m an . 665 
reference values for various tis su e s  and  species w ere given in  all. 4  values for 
h u m a n  tib ia  an d  2 for m am m alian  tib ia w ere given.
Early hum an stu d ies
Millner (1975) reported  on infant, adolescent, and  a d u lt m ale an d  female tib ia  
SOS using  a  IMHz probe in-vivo. Velocities ranged  from 1875 ms-i in  female 
in fan ts  to 2200 m s 'i in  female adolescent, u p  to 2750 m s  ^ in  m ales aged 70 - 
95 years. No age-related  decline in  u ltra so u n d  velocity w as found. M illner also 
s tud ied  m ale an d  fem ale su b jec ts  w ith  osteoporosis or fluorosis. Again, a  IMHz 
probe w as u sed  on th e  tib ia  in-vivo. The age range w as 11 - 65 years. Recorded 
velocities ranged  from  2000  m s i in  ch ildren  up  to 2900 ms-i in  adu lts . Again, 
no age-related  decline w as found. In  the  4 1 - 6 5  year old norm al su b jec ts  a  
velocity range of 2200 - 2700 ms-i w as found for m ales an d  2150  - 2750 ms-i 
for fem ales. In the  osteoporotic group th ese  values were 2150  - 2900 m s i and  
2200  - 2900  m s“i respectively. There w as no clear rela tionsh ip  dem onstra ted  
betw een u ltra so u n d  velocity an d  ageing or osteoporosis. In fluorosis, 4 1 - 6 5  
year olds w ere assessed . U ltrasound  velocities w ere m easu red  w ith  a  range of 
2300  -3300m s 1 . Therefore, a  h igher u ltra so u n d  velocity w as dem onstra ted  
w ith  fluorosis.
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D ubrov (1972) in  a  R u ssian  language publication, m ade in-vivo m easu rem en ts  
of h u m a n  tib ia  u ltra so u n d  velocity u sin g  a  O.lMHz probe. R eadings w ere ta k en  
from  the tib ia  a t  5cm  in tervals from  th e  ankle jo in t tow ards th e  knee jo in t. 
Velocities rose from  3308 ms-i 5cm  from the  ankle jo in t to 3625 ms-i a t  the  
m id-tib ia  before falling to 3320  m s-i a t  the  proxim al tib ia  m etaphysis. This m ay 
indicate a  rela tionsh ip  betw een u ltra so u n d  velocity an d  the  th ickness  of tlie 
cortex of th e  bone, a ssu m in g  th a t  th e  m a in  difference found a t th ese  sites is  th e  
g reater th ickness  of cortical bone a t  the  m idshaft.
Pathway o f U ltrasound
A nast (1958) pub lished  d a ta  for the  in-vivo m easu rem en t of u ltra so u n d  velocity 
in  th e  tib ia  of 20 sub jects. U nusually , a  relatively low frequency 20KHz 
tra n sd u c e r w as used . D espite th is, the  average value w as 3481 m s b an d  th e  
range 3260 - 3572 m s b The m ethod  u sed  bo th  a  hand h e ld  tran sm ittin g  an d  a 
h an d h e ld  receiving tran sd u ce r, w ith  longitudinal m easu rem en t of th e  tibia. In 
addition, 16 rab b it tib ial frac tu res  w ere m easu red  daily an d  26 h u m a n  tibial 
frac tu res w ere m easu red  a t  a  variety  of tim es during  the  course of healing 
(although a  full d a ta  se t u p  to u n ion  w as no t m ade for the  hum ans). The rab b it 
tib ias all re tu rn ed  to u ltra so u n d  velocities com parable w ith  th e  norm al side a t 
the  tim e of un ion. The 3 rab b it frac tu res  w hich did n o t achieve u n io n  did no t 
re tu rn  to norm al values. B ecause th e  h u m a n  d a ta  w as incom plete, it is difficult 
to com m ent on. There w as, however, a  reduced  u ltra so u n d  velocity in  the 
presence of fracture, an d  a  n o rm al velocity after un ion  an d  rehab ilita tion  of th e  
fracture. A nast also assessed  11 paraplegics a s  a  m odel of d isu se  osteoporosis. 
The re su lts  observed were n o t significantly different from th e  norm al subjects. 
An estim ated  erro r of 5% w as p re sen t th ro u g h o u t th is  study , w hich m ay have 
been  h igher becau se  of th e  variability  of positioning handheld  probes. 
A bendschein  (1970) exam ined 51 cadaveric specim ens tak en  from 4 
individuals. 2 w ere considered norm al and  w ere 16 and  30 years  old. One h ad  
peripheral v ascu la r d isease  an d  w as aged 58 years. The fourth  h ad  d isu se  
osteoporosis an d  w as aged 55 years. All sam ples were refrigerated in  R inger's 
solution. A 0. IM Hz tra n sd u c e r  w as used . M ean physical density  w as m easu red  
as  1.97 gcm-3, 1.85 gcm-3 an d  1.66 gem 3 in  the  norm al, ischaem ic and
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osteoporotic groups respectively. U ltrasound  velocity w as m easu red  (as an  
average of 10 or m ore specim ens from each  individual) a s  3526 m s b 3147 m s 
1, and  2868 m s b T hus a  difference betw een norm al and  osteoporotic bone w as 
dem onstra ted . There w as no control for age and  only four individuals were 
stud ied .
In a  s tudy  span n in g  two species an d  two m easu rem en t sites, A m bardar (1976) 
used  a  2MHz tra n sd u c e r to a sse ss  th e  fem ur and  tib ia of sheep  and  cattle  in- 
vitro. M easurem ents w ere m ade bo th  in the  long axis and  perpend icu lar to the 
long axis.
This show ed a  reduction  in u ltra so u n d  velocity w hen the direction of 
transm ission  w as transverse  ra th e r  th a n  longitudinal. This observation is 
preserved across species.
Adler and  Cook (1975) m ade a  sim ilar observation in can ine tibia. They 
perform ed an  in-vitro s tudy  of thaw ed whole tibia. A tran sd u ce r frequency is 
no t recorded for th is  experim ent, b u t the sam e paper reports  using  bo th  3 and  
5MHz tran sd u ce rs  in o th e r experim ents. M easurem ents w ere m ade in  the  long 
axis of the  bone, and  a t 90» to th e  long axis. Velocities of 3325 m s  ^ and  1966 
m s 1 w ere recorded respectively.
3335  ms-i 2824  m s 1
3325 ms-i 1966 m s 1
Table 3.1 The effect of direction of u ltraso u n d  m easu rem en t in m am m alian  
tissu e
A num ber of s tu d ies  have a ttem p ted  to describe the  pathw ay  of u ltra so u n d  
w aves travelling transversely  th rough  a  tu b u la r  bone. Jeffco tt an d  M cCartney 
(1985) u sed  a  2 .25  MHz handheld  tran sd u ce r pair to investigate in-vitro equine 
m etacarpals. For separa te  specim ens of m edullary  and  cortical bone, 
u ltra so u n d  velocities w ere m easured . The expected velocity for a  "sandwich" of
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the  two bone types w as calcu lated . The ac tu a l velocily for a  m etacarpa l 
m easu red  transversely  w as su b stan tia lly  higher, b u t  a  second peak  in  the  
received sound  pu lse  did m a tch  th e  expected velocity. It w as suggested  th a t  the  
longer b u t  h igher velocity ro u te  a ro u n d  the  circum ference of th e  cortex w ould 
p roduce the  first observed peak. Langton (1991) u sed  a  IM Hz calliper m oun ted  
tran sd u ce r couple w ith in-vitro equine m etacarpal and  w ith  a  Perspex cylinder 
model. In th is  study, the  opposite cortical faces of th e  bone an d  th e ir equivalent 
in  the Perspex were m ach ined  flat. This allowed dii'ect com parison  of the 
velocity d irect th rough  cortical bone an d  d irect th rough  th e  w idest d iam eter of 
th e  bone. T hus a  "sandw ich of cortex-m edulla-cortex" w as com pared to  a n  
equivalent th ickness  of cortex only. U ltrasound  velocity w as h igher th rough  
cortex only. This w as also found in  the  Perspex model. A pu lse  echo tim e 
betw een tran sd u ce r and  bone indicated  th a t  the re  w as a  significant w ater layer 
p resen t, even though  th e  experim ent had  tried  to  m inim ise th is. It w as 
concluded th a t  a  10% erro r shou ld  be allowed for soft tissu e  in-vivo, b u t  th a t  
the  d irect cortical pa thw ay  w as responsib le  for the  fa s te s t tran sm issio n  tim es. 
K ann (1995) u sed  a  2MHz calliper m oun ted  tra n sd u c e r pa ir w ith  in-vitro 
porcine phalanges. They firs t m easu red  th e  u ltra so u n d  velocity for a  transverse  
d irection th rough  17 in tac t phalanges. The trab ecu la r bone w as m echanically  
removed, an d  th e  specim ens re-m easured . The velocity before (1919 ms-i) and  
after (1938 m s O w ere n o t significantly different. They concluded th a t  tlie 
circum ference of the  cortex w as th e  fa s te s t route.
C adossi an d  C ane (1996) u sed  a  com m ercial device, th e  DBM Sonic 1200 (Igea, 
Carpi, Italy), w hich  consis ts  of a  1.25MHz calliper m oun ted  tra n sd u c e r p a ir to 
a sse ss  in-vitro porcine phalanges. They found th a t  m echan ical rem oval of the  
m edulla  decreased  velocity significantly, an d  th a t  reconstitu tion  of the  defect 
w ith  sty rene polym er resto red  th is. They also found th a t  reducing  th e  cortical 
th ick n ess  of the  ex ternal su rface of th e  bone increased  ap p a re n t tran sm issio n  
velocity. The au th o rs  concluded  th a t  th e  m ain  pathw ay  is directly th ro u g h  the  
w idest d iam eter of the  bone. This is a t  variance w ith  previous findings.
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R elationsh ip  o f bulk p h ysica l properties to  tran sm ission  ultrasound  
v e lo c ity
A n u m b e r of s tu d ies  have com pared u ltra so u n d  tran sm issio n  velocity w ith  
m echanical m easu rem en ts  su c h  as  u ltim ate  s tren g th  an d  m odulus.
Bonfield (1982) u sed  a  200KHz tran sd u ce r p a ir w ith  fresh  in-vitro bovine 
cortical bone. All 10 specim ens w ere b a rs  m achined  from  a  single bovine fem ur. 
A parallel pa ir of transducer-receiver devices w as used , in  o rder th a t  all te s ts  
could be controlled u sing  a  10m m  long control specim en. A physical density  
w as calcu la ted  u sing  a  specific gravity technique w ith  dehydrated  specim ens. 
The sp read  of densities w as 1.897 - 2 .107  xlO^ kgm-3. Velocity ranged  from 
3210 - 3440 m s b No correlation  w as draw n betw een th ese  b u t  th e  d a ta  are 
p resen ted  as  a  tab le and  a  correlation  can  be calcu lated  from  th is  as  r  = -0.15. 
If th e  one outlying specim en in  density  and  velocity is  excluded, th is  rises  
dram atically  to r  = 0.88. The au th o rs  do no t d iscuss  th is. They did show  th a t 
u ltra so u n d  velocity w as inversely rela ted  to tem pera tu re  w hen  m easu red  in  the 
range 17 - 41°C. A shm an (1984) u sed  a  2.25MHz tra n sd u c e r pair to m easu re  
100 H um an  an d  100 can ine in-vitro specim ens. T hese w ere m ach ined  
polyhedrons m odified to  have either 18 or 8 faces respectively. A con tinuous 
wave ra th e r  th a n  a  pu lsed  wave w as used , an d  th e  physical density  w as 
m easu red  w ith  a  w ater im m ersion  technique. Velocity w as m easu red  in  all 
p lanes as  a  b u lk  wave. The elastic  m odu lus w as derived from the u ltra so u n d  
velocity for the  9 in d ep en d en t e lastic  co n stan ts  theoretically  predicted  for an  
orthotropic m aterial. A lthough the  a u th o rs  found differences in all 9 derived 
co n stan ts , th e ir conclusions are  som ew hat w eakened by  th e  fact th a t  m easu red  
an d  derived m odu lus only correlated  to r  = 0.531 in  th e ir  s tu d y  of bovine 
cortical bone - u p o n  w hich they  rely for th e  validation of th e ir u se  of u ltra so u n d  
velocity to derive m odulus. D espite th is, it seem s likely th a t  ad u lt h u m a n  
fem oral cortex behaves a s  an  orthotropic m aterial. M cCarthy (1990) u sed  a  p a ir  
of 2.25M Hz tra n sd u c e rs  fixed 113m m  a p a rt in  a  w ater b a th . E quine 3^  ^
m e tacarpa l w as s tud ied  in-vitro. 40 cubes of cortical bone were p repared  and  
h ad  u ltra so u n d  velocity m easu red  in  3 p lanes. D ensity  w as m easu red  u sin g  a  
specific gravity m ethod, an d  porosity  w as m easu red  by histological section. A 
range of tem p era tu res  from  4 - 40°C w as used. The correlation of velocity w ith
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tem p era tu re  w as r  = 0.99 (-0.17%oC-i). although  the sam ple n u m b er w as low (n 
= 4). Porosity w as found to correlate well w ith bo th  density  an d  velocity (r = 
0 .773 an d  r  = 0 .857 respectively). Velocity and  density  correlated  well, b u t  w as 
direction sensitive (r = 0 .75 longitudinal, r  = 0.9 radial). Antich and  A nderson 
(1991) com pared the  re su lts  of velocity due to tran sm issio n  an d  velocity due to 
reflection on in-vitro h u m a n  cortical bone cubes. They u sed  2.25M Hz signal for 
tran sm issio n  (calliper m oun ted  pair) and  3.5MHz signal for reflection (water 
b a th  m oun ted  on a  ro ta ting  arm  to a d ju s t angle of transducers). 10 cortical 
cubes  w ere p repared , b u t  it is  n o t c lear w hether these  w ere all from  one donor. 
A n u m b er of hom ogeneous p lastic  an d  m etal cubes w ere also  exam ined. The 
correlation betw een reflection an d  tran sm issio n  velocity w as r  = 0 .99  for 
hom ogeneous m ateria ls  b u t  w as less good and  n o t s ta ted  for the  bone sam ples. 
The au th o rs  did convincingly show  th a t  bone aniso tropy ex ists for bo th  
m ethods, and  th a t  velocities are  h ig h est for the  longitudinal axis.
T u rn er (1991) exam ined cubes  of bovine cancellous bone in-vitro using  a  
2.25MHz tra n sd u c e r pair. Velocity w as com pared w ith  s tren g th  in  m echanical 
testing. The yield s tren g th  w as u sed  as  cancellous bone fails in a  stepw ise 
fash ion  w ith  a  prolonged p lastic  deform ation phase. A correlation  of r  = 0.75 
w as observed. Rho an d  A shm an  (1993) a ttem pted  to determ ine w hether the  
behav iour of trab ecu la r an d  cortical bone w as com parable by  testing  individual 
trabecu lae  aga in st p repared  sam ples of cortical bone 0 .3x0.3x2.0m m  in size. 
Sim ilarly sized steel an d  a lum in ium  sam ples w ere also prepared . A 2.25M Hz 
tran sd u ce r p a ir  w as u sed  in  a  com plex testing  jig. Twenty trab ecu la r and  20 
cortical sam ples w ere p repared  from a  single donor tibia. The m echanical te s t 
jig  w as also complex, a n d  a  tensile s tre ss -s tra in  curve w as produced. The 
values of m echanically  tested  m o d u lu s  and  u ltra so u n d  velocity predicted  
m odu lus m atched  very well for th e  m etal specim ens (when density  for the  
m etals w as tak en  from  scientific tables). For the  bone specim ens, ne ither 
cortical no r trab ecu la r pred ic tions w ere well m atched  w ith  m easu red  m odulus. 
This m ay have been  a  consequence of u sing  average density  values for bone 
w hich w as sourced  from  a  different individual. For bo th  m ethods of 
m easu rem en t, however, trab e cu la r m odu lus w as significantly less th a n  cortical 
bone m odulus. This is a ttr ib u ted  to th e  aligned n a tu re  of cortical a rch itec tu re
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an d  the  m ore random  p a tte rn  in  trab e cu la r bone. Njeh (1996) s tud ied  in-vitro 
cubes  of bovine cancellous bone u sing  a  IMHz calliper m oun ted  tran sd u ce r 
p a ir  in  a  w ater b a th . Velocily m easu rem en ts  w ere m ade along 3 axes, as  w as 
com pressive m odu lus u sin g  a n  In stro n  testing  m achine. D ensity  w as calcu la ted  
a s  th e  de-fatted, dried  w e ig h t/m easu red  volum e of the  cube. M odulus w as 
a ro u n d  30% greater testing  longitudinally  th a n  antero-posteriorly . Velocity w as 
a ro u n d  10% greater for th e  sam e direction  of testing. A correlation of r  = 0 .83 
w as observed for velocity an d  m odu lus overall, a lthough  velocity and  density  
overall w ere less well correlated  a t  r  = 0.50. This m ay be  b ecau se  th e  density  
calcu la ted  w as th e  gross density  of th e  cube (i.e. bone p lu s  air) ra th e r  th a n  the 
ac tu a l density  of th e  m ateria l involved (i.e. bone volum e itself).
M odern stu d ies
A sizeable lite ra tu re  ex ists regard ing  u ltra so u n d  tran sm issio n  in  cancellous 
bone, particu larly  the  os calcis. I shall only examine a  sm all n u m b er of these  
pub lica tions in  order to give a  general p ic ture , a s  u ltra so u n d  tran sm issio n  in  
cortical bone of the  tib ia an d  no t th e  (mainly) trab ecu la r bone of the  os calcis is 
the  sub ject of th is  thesis.
In  a  rem arkab ly  far sighted  study . P orter (1990) m easu red  the  os calcis BUA of 
1404 female, elderly n u rs in g  hom e residen ts. The m en ta l s ta te  w as also 
exam ined, as  w as mobility. O n th e  b a s is  of these  d a ta , a  low -risk an d  a  high- 
r isk  group were designated. In th e  2 -year prospective follow-up, th e re  w ere 73 
hip  fractu res. In com parison  w ith  th e  low risk  group, th e  high risk  group h ad  a  
relative risk  for fractu re  of 8.4.
S tew art (1996) in  a  prospective s tu d y  show ed th a t os calcis BUA discrim inated  
for frac tu re  w ith  an  odds ra tio s  from 1.4 to 2.1, B auer (1997) in  a  large 
prospective s tu d y  showed th a t  os calcis BUA pred ic ts frac tu res  strongly and  
independently  of densitom etry  in  older women. E ach  SD reduction  in  calcaneal 
BUA w as associated  w ith  a  doubling of th e  risk  for h ip  frac tu res (relative risk  
[RR], 2.0; 95% confidence in terval [Cl], 1.5-2.7). A prospective s tu d y  by H uang 
(1998) show ed th a t  os calcis BUA discrim inated  for frac tu re  w ith  a n  age- 
ad ju sted  odds ra tio s  of 1.50, 1.89, an d  1.72 for vertebral fractu res, non-sp ine 
fractu res, an d  any  fractu res, respectively.
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A n u m b er of s tu d ies  have correlated  u ltra so u n d  tran sm issio n  velocity in a  
popula tion  w ith  absorp tiom etric techn iques. M cCarthy (1992) m easu red  the  
equine m etacarpa l in-vivo in  2 sub jec t ho rses w ith a  hand -held  tra n sd u c e r 
couple (frequency n o t specified, a lthough  the ir o ther w ork u ses  a  2.25MHz 
system ), and  a  Single energy Photon A bsorptiom eter (not specified). S ho rt and  
long-term  reproducibility  estim ates were m ade, a s  w as in ter-observer 
agreem ent. Reproducibility w as good a t <1% Coefficient of V ariation an d  <3% 
CV respectively. The u ltra so u n d  re su lt w as found to be operato r sensitive. 
Greenfield (1981) exam ined th e  proxim al rad iu s  in-vivo in  72 norm al 
volunteers, 12 p a tien ts  w ith  ren a l osteodystrophy and  66 o ther sub jects, 18 of 
w hom  had  rad iographic evidence of existing low energy vertebral fracture. He 
u sed  a  5MHz tra n sd u c e r in  pulse-echo  mode, a  N orland-C am eron SPA, and  a  
p la in  rad iograph  w ith  a  reference scale. No correlation w as calculated , b u t  it 
w as s ta ted  th a t u ltra so u n d  and  SPA disagreed in  9% of norm al subjects. The 
ability of u ltra so u n d  to identify individuals w ith existing vertebral fractu re  w as 
encouraging a lthough  n o t a s  sensitive n o r as  specific a s  SPA. C unn ingham  
(1996) compEired u ltra so u n d  velocity a t 1 of 2 sites (tibia {89 subjects), an d  os 
calcis {100 subjects},) w ith  DXA. a t 4  s ites  (tibia (20 sub jec ts  only), os calcis {20 
sub jec ts  only), fem oral neck  an d  lu m b ar spine {all subjects}). C orrelations were 
calcu la ted  for th ese  m easu res. For tib ia  u ltra so u n d  and  tibial BMD r  = 0.71. 
For os calcis u ltra so u n d  and  os calcis BMD r  = 0.729. For tib ia  u ltra so u n d  and  
BMD of the  sp ine an d  fem oral neck  respectively r  = 0 .299  an d  0.072. These 
correlations seem  weak, b u t  it shou ld  be realised th a t  all m easu rem en ts  are 
su rrogates  for fractu re  r isk  an d  n o t for each  other. K ann (1994) u sed  a 
co n tinuous wave techn ique in-vivo in the  u ln a  of 21 young an d  21 m iddle aged 
fem ales. SPA m easu re s  were m ade of the  sam e site u sing  a  com m ercial device, 
th e  ND 1100 (Nuclear D ata  [origin n o t specified]). An in teresting  featu re  of the 
s tudy  w as th a t  young an d  old individuals were paired  on  the  BMD re su lt and  
th e ir  u ltra so u n d  re so n a n t frequency com pared. This w as significantly lower by 
a ro u n d  20% in  th e  older group. It w as concluded th a t  th is  techn ique w as 
indeed m easu ring  som eth ing  w hich w as related  to ageing, o the r th a n  density. 
M azess (1989) a ssessed  40 norm al an d  36 osteoporotic (spine BM D<lgcm ^) 
ad u lt fem ales. 68 had  d ista l rad iu s  SPA m easured  u sing  a  com m ercial device
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(SP2 L unar R adiation, M adison, W isconsin, USA) and  all had  os calcis 
u ltra so u n d  u sing  a  0.4MHz fixed d istance  tra n sd u c e r p a ir  in  a  w ater b a th . 
Some also h ad  DPA sc a n s  of fem oral neck  an d  lum bar spine. The correlations 
for u ltra so u n d  velocity w ith  BMD w ere m odest, being r  -  0 .66, r  = 0 .63 an d  r  = 
0 .52 w ith  rad iu s, lu m b ar sp ine an d  fem oral neck  respectively. W apniartz (1993) 
com pared lu m b ar spine DXA BMD (QDR 1000, Hologic, W altham , MA) w ith 
u ltra so u n d  velocity in  th e  pa te lla  (Signet, Osteo-Technology, F ram ingham , MA) 
in  282 healthy  volunteers. C orrelation betw een UV an d  BMD w as m odest (r = 
0.36). UV w as h igher in  m ales th a n  fem ales by aro u n d  1% (p < 0.05), and  
show ed a n  age rela ted  decline in  m en. Some d oub t m u s t be c a s t by the 
observation th a t  there  w as no age-related  decline in  women. It m ay be  tlia t the 
vo lun teers were too healthy , or h ad  a n  insufficient range of age.
Only a  few stud ies  have assessed  frac tu re  risk  w ith  u ltra so u n d  tran sm issio n  
velocity. C ross sectional frac tu re  s tu d ie s  will be d iscussed  first.
H eaney (1989) s tud ied  293 fem ales to com pare lum b ar spine BMC (by DPA), 
u ltra so u n d  velocity of th e  patella , an d  p revalen t vertebral deform ity on la tera l 
sp ine rad iographs. 2 cross-calib ra ted  DPA devices w ere u sed  (in different s tudy  
cen tres L unar DP4 (Lunar R adiation, M adison, W isconsin, USA) an d  N uclear 
d a ta  2100 (origin n o t specified)) a s  w as a  single prototype m ixed frequency 
calliper m oun ted  tra n sd u c e r  pair. The correlation of BMC w ith u ltra so u n d  
velocity w as poor, r  = 0.05. However, b o th  m easu rem en ts  d iscrim inated  equally 
well betw een fractu re  an d  n o n -frac tu re  popula tion  on Receiver O perated  
C haracteristic  analysis (area u n d e r  curve = 0.722 for u ltra so u n d  velocity an d  = 
0 .719  for DPA). The a u th o rs  conclude th a t u ltra so u n d  velocity m ay be 
m easuring  som ething o th e r th a n  bone density  w hich is nonetheless a  usefu l 
d iscrim inant. H eaney (1995) exam ined 371 sub jects  to a sse ss  u ltra so u n d  
velocity of tib ia  an d  patella , SPA a t the  forearm  and  vertebral rad iographs in 
those  aged >40 years. C orrelations betw een tibial and  pa te lla r u ltra so u n d  
velocity w ere r  = 0 .46  an d  r  = 0 .27  in  fem ales an d  m ales respectively. 
C orrelations betw een tibial u ltra so u n d  an d  forearm  SPA BMD were r  = 0 .54  
an d  r  = 0 .43 in  fem ales an d  m ales respectively. Using the  p a tien t's  recollection
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of previous fractu res, a n  odds ratio  of 2 w as calcu lated  for frac tu re  risk  for a 
ISD  reduction  of tib ial u ltra so u n d  velocity. No su ch  r isk  w as identified w hen 
only vertebral frac tu res were considered. Fujii (1994) a ssessed  the  velocity of 
u ltra so u n d  th ro u g h  th e  p a te lla  in  160 Ja p a n e se  wom en, an d  spine DXA in  a  
subg roup  of 39. It w as noted th a t  m ean  velocity w as n o t different to  previously 
reported  C aucasian  popula tions. It w as also noted th a t  u ltra so u n d  velocity w as 
sensitive to age, and  vertebral frac tu re  - being significantly lower in  older 
su b jec ts  and  in  those  few witli previous fracture. S tegm an (1995) reported  on 
the  rela tionsh ip  of pa te lla  u ltra so u n d  velocity and  forearm  SPA to prevalence of 
frac tu re  in th e  m edical h isto ry  of 1311 sub jec ts  over the  age of 50 years. As 
p a r t of a  large, ongoing study, th e se  su b jec ts  had  h ad  in itia l m easu rem en ts  of 
BMD a t th e  d ista l ra d iu s  an d  u ltra so u n d  velocity th rough  th e  patella . A logistic 
regression  analysis techn ique w as u sed  to derive for each  m easu re  an  odds 
ra tio s  per SD for a  h isto ry  of fracture. N either techn ique w as clearly b e tte r  a t 
differentiating the  fractu re  from non-frac tu re  population, a lthough  bo th  w ere 
b e tte r  th a n  chance. S tegm an an d  H eaney (1996) again  reported  on  a  cohort 
from  th e ir ongoing s tu d y  (The S au n d e rs  C ounty  Bone Q uality Study). U sing 
essentially  the  sam e m easu rem en ts  in  1401 volunteers, they  u sed  a  logistic 
regression  m odel w ith  vertebral deform ity on  th e  la tera l sp ine rad iograph  a s  the  
categorical for calcu la ting  odds ratios. They found th a t  bo th  u ltra so u n d  velocity 
and  forearm  SPA h ad  d isc rim in an t value in  identifying frac tu re  p a tien ts  from 
the  re s t of the  population, b u t  th a t  n e ith e r h ad  as  strong  a n  effect as  age.
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P rospective stu d ies
Prospective s tu d ie s  rela ting  u ltra so u n d  velocity to fractu re  risk  are  few in  
num ber. H eaney an d  Avioli (1995), again  u sing  th e  sam e s tudy  popula tion , 
identified 130 fem ales w ith  no verteb ral deform ity on the ir in itia l la te ra l lum bar 
sp ine rad iographs. T hese h ad  all h ad  m easu rem en t of th e  u ltra so u n d  velocity 
th ro u g h  the  patella  on entry. After a  two year follow up , 19 clinicEil frac tu res 
h ad  occurred, of w hich 14 h ad  co n cu rren t radiographic changes. The odds ratio  
for an  inc iden t fractu re  per SD below the  m ean  u ltra so u n d  value w as 2.38 
(95% Cl 1.33 - 4.26).
Mele (1997) assessed  th e  u ltra so u n d  velocity in  the  phalanges of th e  h a n d s  of 
211 ad u lt fem ales u sin g  a  com m ercial device (DBM Sonic 1200, IGEA, Italy). 
D uring a  3 -year follow u p  22 peripheral frac tu res w ere docum ented . The odds 
ratio  for a n  inc iden t frac tu re  p er sd  below th e  m ean  w as 1.5 (95% confidence 
in tervals 1.1 - 1.7).
H ans (1996) assessed  5662 elderly fem ales a s  p a r t of the  EPIDOS study. Os 
calcis u ltra so u n d  an d  fem oral neck  BMD were m easu red  a t en try  to the  study. 
At a  2-year follow-up, 115 hip frac tu res h ad  occurred. Using th e  in itia l 
m easu rem en ts, relative r isk  for h ip  frac tu re  per sd  below  the  m ean  value w as 
calculated . The risk  associa ted  w ith  u ltra so u n d  velocity w as 1.7 (95%CI 1.4- 
2.1), w ith  BUA w as 2 .0  (95% Cl 1.6-2.4) an d  w ith BMD 1.9 (95%CI 1.6-2.4).
At the tim e w hen  th is  th e sis  w as in itia ted , these  were th e  only th ree  s tud ies  
(Heaney 1995, Mele 1997, H ans 1996) w hich su p p o rt th e  ability of ulti'osound 
velocity to p red ic t fu tu re  frac tu re  risk . None of these  h a s  exam ined th e  role of 
u ltra so u n d  tran sm issio n  th ro u g h  th e  tibia, w hich, in d istinction  to o the r s ites 
is bo th  w eight-bearing an d  a  p redom inantly  cortical bone.
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L im itations o f BUA
W hilst os calcis BUA h a s  been  show n to be of predictive value in  assessing  
fractu re  risk, th e  precision erro r (the varia tion  betw een consecutive 
m easurem ents) h a s  been  reported  as  high as  10% (Rossm an 1989). This 
in troduces lim itations in  the  u tility  of BUA in  assessing  individuals, ra th e r  th a n  
popula tions. W ith su c h  a  wide m easu rem en t error, it is im possible to be 
confident ab o u t a n  individual p a tien t's  risk  of fracture, or to a sse ss  th e  effects 
of trea tm en t. This is because  n a tu ra l drifts in skeletal m easu rem en ts  an d  
changes due to trea tm e n t a ie  norm ally of the  o rder of a  few percen t per year 
an d  w ould be  obscured  by m easu rem en t e rro r of 10%.
U ltrasound  velocity precision  erro r h a s  n o t been  widely reported  in  the 
literatu re . W here it h as , th e re  h a s  been  wide varia tion  in  error, p robably  due to 
the  variety  of devices, an d  the  operato r dependency - particu larly  w ith  the  u n ­
m oun ted  tra n sd u c e r system s. R ubin  (1987) reported  a  1.1% precision erro r for 
a  calliper m oun ted  IMHz tra n sd u c e r  pa ir u sed  transversely  on the  tibia. 
Heaney and  Avioli (1989) reported  precision erro rs of 2.3%  for a  calliper 
m oun ted  b ro ad b an d  tra n sd u c e r  p a ir  u sed  transversely  on the  patella. 
Greenfield (1980), u s in g  a  5MHz tra n sd u c e r w ith a  pu lse  echo techn ique on  the 
fem ur reported  a  4.3%  e rro r and  (Andre 1981), u sing  a  5MHz tra n sd u c e r w ith a 
pu lse echo techn ique on  th e  rad iu s  reported  a  6% error. Siegel (1958) reported  
a  5% erro r using  a  h an d h e ld  tran sd u ce r pa ir of unspecified  frequency 
longitudinally  on  the  rab b it an d  h u m a n  tibia. At least one early  s tudy  does n o t 
repo rt e rro r a t  all (Gerlanc 1975). It can  be seen  despite th is  th a t th e  precision 
erro r for a  variety  of u ltra so u n d  transm ission  velocities is lower th a n  for BUA, 
an d  could be low enough for u se  w ith  individuals. A device w ith  b e tte r  
reproducibility  m ay be m ore clinically useful.
A second se t of theoretical considera tions concerns the  site of m easu rem en t. 
BUA h a s  a lm ost exclusively been  m easu red  a t  th e  os calcis. This is a  site of 
p redom inantly  trab ecu la r bone, w hich is w eight bearing, an d  easily accessible. 
BMD h a s  also been  m easu red  (using DXA, SXA, DPA and  SPA) a t  sites  of 
predom inan tly  trab e cu la r bone; th e  fem oral neck, the  lu m b ar sp ine an d  tire
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dista l rad iu s. These com m on sites of frac tu re  have only a  th in  envelope of 
cortex. The obvious conclusion  h a s  been  draw n th a t  these  sites fractu re  
because  they have m ainly  trab e cu la r bone, and  trab ecu la r bone is weak. It m ay 
be th a t the  converse is the  case; th a t  they  are com m on sites  of frac tu re  because  
they  do not have much cortical bone, and cortical bone is strong. This is 
supported  by  a  considera tion  of th e  m echanics, and  a  few biom echanical 
s tud ies  (Spadaro 1994, M osekilde 1993, Lotz 1995).
C ortical bone h a s  a  h igher m odu lus of elasticity  (i.e. it is stiffer) an d  su s ta in s  
m uch  h igher loads to failure (In A lbright 1979, C arter 1976). Cortex is found - 
by definition - a round  th e  circum ference of each  bone. This allows the  stiffer, 
s tronger cortical bone th e  m o st advem tageous lever a rm  to res is t stress . In 
engineering te rm s th is  is described  a s  the  second m om ent of area. Cortical 
bone is know n from  w ork in  o rthopaed ics to con tribu te  enorm ously  to resisting  
“hoop” stresses, w hich are  th e  re su lta n t la teral expansion  forces produced  by 
axial com pression of a  flexible or fluid, s tru c tu re  or m ateria l (H arriganl991). 
This is  easily visualised. If a  volum e of w ater is contained  in  a  ru b b e r cylinder 
and  com pressed by a  p iston , th e  ru b b e r cylinder will sim ply balloon o u t u n d e r 
th e  hoop s tresses. If the  sam e w ater is placed in  a  m etal cylinder an d  
com pressed  by a  p iston , th e n  th e  hoop s tre sses  are  b e tte r  contained, and  
extrem ely high loads m ay be suppo rted  w ithou t deform ation. In th e  sam e way, 
if trab ecu la r bone is  n o t supported , th e n  u n d er axial loading th e  force can n o t 
be transferred  to the  supporting  cortex, and  like a  ca th ed ra l wall w ithou t a  
flying b u ttre ss , collapse will ensue.
A fu rth e r consideration  is  th a t  rem odelling ra te s  m ay be 10-fold lower in  
cortical com pared to trab e cu la r bone (in K anis 1994). This m eans th a t  fatigue 
dam age is m ore likely to accu m u la te  in  cortical bone. Therefore, the  com ponent 
w hich  is relied u p o n  for s tru c tu ra l integrity, is m ost sub jec t to fatigue failure in  
ageing.
B iom echanics s tu d ie s  su p p o rt th e  role of th e  cortical bone, and  probably 
underestim ate  it, a s  they  have n o t s tud ied  the  consequence of rem oval of th e  
cortical shell. Spadaro  (1994) a ssesse d  QCT m easu res  of cadaveric d ista l rad iu s  
p rior to m echanical te sting  to failure. A rea of cortical bone w as a  b e tte r
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correlate of failure load th a n  either trab ecu la r a rea  or density . M osekilde (1990) 
s tud ied  cadaveric vertebrae. W hilst she  did u se  a  trab e cu la r core for testing, 
th is  is n o t th e  sam e a s  testing  the  w hole specim en w ith  ju s t  th e  cortex 
removed. She found th a t  th e  a sh  density  of the  whole vertebrae declined w ith  
age alm ost identically w ith  trab e cu la r a sh  density  (i.e. th e  % contribu tion  of the  
cortex  to  the  to tal a sh  density  w as e ither sm all or did n o t change). D espite tliis, 
th e  load to failure w as found to decline m ore in  th e  trab e cu la r cores th a n  in  the  
w hole vertebrae over th e  sam e age range. The cortex w as con tribu ting  50% of 
the  s tren g th  by th e  age of 70 years  in  b o th  m en  an d  women. This is th e  age 
a ro u n d  w hich  vertebral and  proxim al fem oral frac tu re  ra te s  begin  to climb 
exponentially (Gallagher 1980). This suggests th a t the  con tribu tion  of the 
cortex is  m u ch  larger th a n  is generally realised and  becom es m ore im p o rtan t as 
age advances.
Lotz (1995) u sed  a  finite e lem ent m odel of the proxim al fem ur, w hich had  been  
validated  previously by predicting accurately  the load to failure in  cadaver 
stud ies. In th is  m odel bo th  no rm al gait an d  a  sim ulated  fall w ere exam ined. In 
m odelled norm al gait an d  in  a  m odelled fall, cortical bone carried  30% of the 
load a t the  subcap ita l region, 50% a t  th e  m id-neck, 96%  a t  th e  base  of the  neck  
an d  80% a t the  in te rtrochan teric  region. D uring gait, th e  p rincipal s tresses  
w ere concen tra ted  w ith in  th e  p rim ary  com pressive system  of trabecu lae  and  in  
the  cortical bone of the  in tertro ch an te ric  region.
In  conclusion, a  cortical site  could provide new  inform ation on  bone toughness.
T heoretical and D esign A sp ects
The S oundS ean  2000  h a s  been  designed to achieve th ese  aim s. A device 
designed to m inim ise th e  precision  error, and  allow longitudinal m easu rem en t 
of cortical bone in  a  load bearing  site - th e  tibia- m ay offer advan tages over the  
existing Os Calcis BUA.
The im portan t aspects  of design will now  be d iscussed .
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Figure 4.1 The S o u n d scan  probe in u se  (M anufacturer’s picture)
The layout of the device u ltra so u n d  tran sm itte rs  is show n in figure 4.2. This 
device u ses  one tran sm ittin g  and  two receiving 250KHz tran sd u ce rs. They are 
arranged  in an  array  inside a  150m m  housing. Each tran sd u ce r is acoustically  
in su la ted  from the o th e rs  in the  array. Each tran sd u ce r is housed  w ithin  a  gel 
filled neoprene-covered recess. The tran sm itte r is located a t one end of the 
array. The first receiver is fixed 65m m  from it. The second receiver is fixed a 
fu rth er 50m m  along the  array . There is a  IMHz pulse-echo  tran sd u ce r located 
10mm ahead  of each  receiving 250KHz tran sd u ce r (that is, a t 55m m  and  
105m m  from the tran sm itte r  respectively). The tim e m easu red  is th a t betw een 
the  first signal reach ing  the first receiver, and  the first signal to reach  the 
second receiver. The know n d istance  of 50m m  allows conversion to ms-i by the 
formula:
Velocity = D istance /  Time 
This is su b stitu ted  w ith the  know n value to give:
Velocity (ms 0 = 0.05(m) /  Time(s)
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Figure 4.2  Radiographic im age an d  explanatory  line draw ing of the 
SoundS ean  probe. This d em o n stra tes  on the  left side a  single transm itte r, and  
on the right a  pa ir of Receivers, each  coupled w ith an  ad jacen t sm aller 
tran sd u ce r.
The role of the IMHz tra n sd u c e rs  is to m easu re  the soft tissu e  th ickness  as  
close a s  possible to the  receivers. The software will no t allow m easu rem en t 
u n le ss  these  m easu red  d istan ces  of soft tissu e  th ick n ess  a re  w ithin  1mm of 
each  other. B ecause a  signal m u s t traverse a  soft tissu e  layer of equivalent 
th ickness  to reach  each  receiver, the re  is no delay in  the  tim e tak en  for the 
signal to travel the  d is tance betw een th e  two receivers.
S tated  as  a  form ula, th e  tim e tak en  for the  250KHz signal to travel from the 
bone surface to the  first receiver can  be expressed:
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Time = D istance /  velocity
or,
T im el = T hickness of soft tissu e  /  velocity in  soft tissu e
The tim e for the  signal to travel to th e  second receiver is expressed:
Time2 = T hickness of soft tissu e  /  velocity in  soft tissue
+ D istanee in  bone /  velocity in  bone 
The difference, i.e. th e  tim e actually  m easured , (Time2-TLmel) caneels o u t the 
soft tissu e  effect, an d  it is seen  th a t  the  tim e travelled in  bone is the  variable 
w hieh  rem ains.
T hus, the m easu red  d istance  is fixed an d  th e  erro r from soft tissu e  th ick n ess  is 
eontrolled.
Two o ther po ten tia l sou rees of e rro r are  positioning erro r and  sam pling error. 
The array  m u s t be p laced  in  a  reproducib le position. This is achieved by  using  
bony lan d m ark s  (the d is ta l pole of th e  pate lla  an d  th e  tip  of th e  m edial 
m alleolus) an d  m easu ring  th e ir  m idpoin t u sing  a  tape m easure . The array  h a s  
a  clear m ark ing  for positioning a t th e  level of th is  line. It is positioned in  line 
w ith  th e  tib ia  w ith th e  tra n sm itte r  m o st proxim al. The softw are allows 150-300 
sam ple velocities to be successively m easured , w hilst th e  array  is gently slid 
from m edial bo rder of tib ia  to th e  la te ra l and  back  again. The m ean  of the  5 
h ighest speeds is u sed  to m ake it m ore likely th a t th e  "fastest" p a r t of the  tib ia 
h a s  been  assessed . This, however, m ay n o t prove to be the  b e s t philosophy, a s  
we m ay actually  w ish to  m easu re  th e  "weak link  in  th e  chain" ra th e r  th a n  the  
strongest. These im provem ents shou ld  provide a  low precision error.
C linical Trials to  D ate
At th e  tim e of inception  of th e  p re sen t th esis  tliere w as only a  very lim ited 
lite ra tu re  on th e  S o u n d scan  2000. Only 3 pub lished  peer reviewed p apers  
existed (Heaney 1995, Mele 1997, H ans 1996). Since th a t  tim e, tliere h a s  been  
a  steady  increase, an d  in te re s t co n tinues  to  grow. C hap ter 13, Page 160 reviews 
th ese  in  m ore detail.
One of th ese  th ree  w as (1995 Han) in  a  K orean language jo u rn a l A tran sla tio n  
is available th ro u g h  Myriad. H an exam ined 293 K orean fem ales w ithou t know n 
skeletal disease. U ltrasound  velocity w as m easu red  a t the  m id-tib ia  u s in g  th e
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described technique, an d  DXA BMD (XR-26, N orland, Fort A tkinson, USA) w as 
m easu red  a t the  hip an d  lu m b ar spine. The d is tribu tion  of velocities in  a  cross 
section  of female popu la tion  w as exam ined, an d  found to peak  a t  age 40 years 
an d  decline thereafter. This m irrored  changes in  BMD a t all sites. C orrelations 
w ere calcu la ted  betw een DXA an d  u ltra so u n d  velocity, w hich varied  from 
r  = 0 .368  to r  = 0.465. The a u th o rs  concluded th a t  u ltra so u n d  m ay be usefu l as  
a  techn ique for m easu ring  bone m ass. This conclusion is a  little strong  for the 
d a ta  p resen ted . P erhaps it m ay be concluded th a t, in  K orean wom en, 
u ltra so u n d  velocity, like so m any  physiological param eters , declines w ith 
ageing an d  th a t  th e  correlation w ith  BMD is m odest.
Foldes (1995) perform ed a  sim ilar s tu d y  involving 307 C aucasian  fem ales in  
Jeru sa lem . Tibial u ltra so u n d  velocity (tUV) w as m easu red  as  described, and  
DXA BMD of the  lu m b ar spine, fem oral neck  (XR-26, Norland, Fort A tkinson, 
USA), an d  forearm  (2780, N orland, F ort A tkinson, USA) w ere also m easured . 
Coefficient of variation for tUV w as calcu la ted  as  CV% = 0.25. Correlation 
betw een BMD m easu re s  an d  tUV w ere m ade an d  ranged  from  r  = 0 .47  to r  = 
0.63. W hen the  d istribu tion  of tUV w ith  age w as exam ined in  cross section, an  
age rela ted  decline in  velocities w as found, w hich w as m ore m arked  in  fem ales. 
This m irrored the  p a tte rn  in  sp ine BMD, b u t  w as n o t a s  strong. Im portantly , 83 
w om en h ad  b ila tera l tUV m easu rem en ts. D om inant w as com pared to n o n ­
d om inan t side, an d  a  very sm all non-significant difference of 0.3%  w as found. 
The au th o rs  conclude th a t  the  tUV's in  th e ir  s tudy  were sim ilar to those  
previously found using  different devices. They no te  the  high reproducibility, 
an d  the  behaviour w ith  age. They d iscu ss  th e  possible reaso n s  for th e  m odest 
correlations of tUV vdth  BMD. They po in t ou t th a t  tUV is probably  sensitive to 
properties o the r th a n  density , an d  th a t  even w ith  BMD different s ites of 
m easu rem en t tend  to correlate only m oderately. Men were n o t included  in  the 
study , an d  although  all sub jec ts  h ad  been  referred to a n  osteoporosis cen tre  for 
assessm en t, no s ta tem en t is m ade on  the  prevalence of skeletal d isease or 
osteoporosis. F rac tu re  an d  frac tu re  r isk  w as no t considered.
S tegm an and  H eaney (1995) s tud ied  183 m en  an d  188 w om en in  a  popula tion  
b ased  s tu d y  in  N ebraska. At least 30 m ale and  30 fem ale sub jects  w ere 
recru ited  in  each  decade of age from  30 to  80+ years. M easures w ere m ade of
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tUV, pate lla  UV (Signet, O steo-technology, W altham , Mass), an d  SPA BMD (DT- 
100, O steom eter, H oersholm , D enm ark) of the d is ta l rad iu s . L ateral sp ine 
rad iographs were m ade for all su b jec ts  over the  age of 40 years. Men and  
w om en w ere com pared a s  cross-sec tional popula tions for the  d is trib u tio n  of 
tUV. M ean values for each  decade w ere h igher for m en. D ata  for bo th  m en  and  
w om en described a n  age-related  decline, w hieh w as m ore m arked  for wom en. 
C orrelations of tUV w ith  BMD m e asu re s  remged from  r  = 0 .39  to r  = 0.53. The 
sub jec ts  were categorised by  "history" or "no history" of frac tu re  since th e  age of 
40 years  and  by the  p resence or absence of radiographic vertebral deformity. 
O dds ra tio s  for p revalen t frac tu re  per SD reduction  in  tUV w ere p roduced  by 
logistic regression  m odels. A 1 SD reduction  in  tUV w as found to  be associated  
w ith a n  odds ratio  significantly g reater th a n  one only for a  "histoiy" of 
peripheral frac tu res in  m en  an d  wom en. No definite risk  could be  show n for 
vertebral deformity. Interestingly, in  wom en, d ista l rad iu s  BMD w as no m ore 
powerful. The a u th o rs  suggested  th a t  tUV h a s  po ten tia l in  assessing  fractu re  
risk, b u t  w ere guarded  an d  w ished to aw ait prospective fractu re  trials. P erhaps 
th e  young m ean  age of the  vo lun teers led to a  low n u m b er of p revalen t vertebral 
deform ities and  hence w eakened  th e  power of the  study. It w ould also have 
been  usefu l to com pare th e  perform ance of axial ra th e r  th a n  peripheral BMD 
w ith th e  o th e r techn iques w hich w ere u sed  in  the  study.
Since 1996, an d  du ring  th e  d a ta  collection for th is  thesis, a  fu rth er eight have 
been  published . Orgee (1996) exam ined a  mixed group of 232 C aucasian  
w om en, of w hom  73 w ere hea lth y  vo lun teers and  the  rem ainder w ere p a tien ts  
referred  for a sse ssm en t of skeletal health . Reproducibility for tUV w as good, 
CV% = 0.5, an d  w as b e s t w hen  th e  m axim um  ra th e r  th a n  m in im um  velocity 
w as used . M easurem ent of th e  proxim al, m iddle and  d is ta l th ird s  of the  tib ia  in  
29 wom en p roduced  significantly different velocities for each  site. No 
a sse ssm en t w as m ade of th e  po ten tia l erro r from sm all (1cm) differences in 
probe placem ent. In 78 wom en, dom inan t and  non-dom inan t tib ias were 
m easu red  and  no significant difference w as found. In p o stm enopausa l fem ales, 
a n  age rela ted  decline in  tUV w as seen  w ith  cross sectional analysis. It w as
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concluded th a t m easu ring  th e  m axim um  velocity a t  a  s tan d ard ised  site 
im proves reproducibility  of tib ial u ltra so u n d  velocity.
F unck  (1996) exam ined th e  tUV of 150 w om en w ithou t skeletal disease. In 
addition, he exam ined the  tUV of 13 fem ales who had  h ad  recen t frac tu res of 
the  hip. Reproducibility of tUV w as good, CV% = 0.42. In  postm enopausa l 
fem ales th e re  w as a n  age-related  decline in  tUV w ith  cross-sectional analysis. 
This decline w as n o t no ted  in  those  u sin g  O estrogen replacem ent. C ase-control 
com parison  w as m ade of w om en w ith  frac tu res and  w ithou t fractu res. TUV w as 
significantly lower in  those  w ith  frac tu res (3837 vs. 3652 ms-i). The au th o rs  
conclude th a t, a lthough  the  n u m b ers  are  sm all, tUV is capable of 
d iscrim inating  p a tien ts  w ith  an d  w ith o u t fractu res. They m ake the  po in ts  th a t  
reproducibility  is good, an d  is  unaffected  by osteophytosis or vascu la r 
calcification - unlike axial BMD m easu rem en ts.
Foldes (1996) exam ined the  tUV of 71 p a tien ts  dependen t on renal dialysis. No 
m easu rem en t of densitom etric  BMD w as m ade. "Time on dialysis" (0-18 years) 
h ad  a  wide range. S erum  in ta c t PTH, although  u sed  in  analysis, is reported  
only a s  being > or < 34 pmol/1, an d  no local norm al range is quoted  for 
com parison. A previously reported  d a tab ase  of 1686 m ale and  female sub jects  
from  different au th o rs  (L ibem ian 1995) w as u sed  for com parison. Z score 
analysis w as used . For tUV in  dialysis p a tien ts  the  m ean  Z score in  com parison 
to norm als w as -2.0, an d  ranged  dow n to -7.0.
A significant inverse correlation  w as found for tUV w ith iPTH and  w ith  "time on 
dialysis". The au th o rs  conclude th a t  ren a l dialysis an d  ra ised  PTH levels are  
associated  w ith  low tUV m easu rem en ts. U nfortunately, no control 
m easu rem en t su ch  a s  BMD or bone biopsy  or fractu re  h is to iy  w as m ade. It is 
n o t possible to say  w hether th e  low tUV is associated  w ith  low bone density, 
abnorm al areh itee tu re  or frac tu re  risk. There is no d o u b t th a t th is  is a  
fascinating  condition, th e  s tu d y  of w hich m ay give usefu l insigh t into w hich 
aspects  of skeletal hea lth  effect tUV.
C unn ingham  (1996) exam ined the  re la tionsh ips betw een tUV, os calcis speed of 
sound , 08 calcis BUA an d  DXA BMD of the  hip and  spine. 89 female sub jects  
w ere used . TUV w as n o t well correlated  w ith  either sp ine (r = 0.3) or h ip  BMD (r 
= 0.07). BUA of the  os calcis w as b e tte r  correlated (r = 0.41 an d  r  = 0.41
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respectively). An in teresting  a sp ec t of th is  s tu d y  w as th e  m easu rem en t of tib ia  
DXA BMD in  a  sm all subgroup  of 20. The eorrelation betw een tUV an d  tibial 
BMD w as r  = 0.71. This seem s to be in  conflict w ith  correlations betw een tUV 
and  bo th  hip and  sp ine BMD. It eould be concluded th a t  BMD m easu rem en t a t 
one site is n o t a  good pred ic to r of BMD a t an o th er site. In any  ease, even w ith 
site  m a tched  m easu rem en ts, BMD eould accoun t for only h a lf  of th e  variance in
tuv.
R osenthall (1996) exam ined th e  re la tionsh ip s betw een tUV, os calcis speed  of 
sound , and  DXA BMD of th e  h ip  an d  lu m b ar spine. 220 fem ales w ere included, 
28 of w hom  h ad  a n  existing vertebral fracture. Reproducibility of tUV w as good, 
CV% = 0.20. As o ther s tu d ie s  have also found, the  correlations betw een tUV 
and  DXA BMD of the  sp ine an d  hip  were m odest. The difference in  tUV for 
fractu re  and  n o n -frac tu re  g roups did n o t achieve significance. The differences 
in  BMD and  os calcis u ltra so u n d  for fractu re  and  non-fractu re  g roups did 
achieve significance. The au th o rs  conclude th a t  desp ite excellent 
reproducibility, th e  clinical value of tUV is n o t certain .
Foldes (1997) exam ined 27 young fem ale dancers an d  27 young female 
controls. TUV w as m easured , a s  w as DXA BMD a t th e  tib ia  an d  lu m b ar spine. 
It is of in te res t th a t  th e  d an ce rs  h ad  lower values for all m easu rem en ts  - 
a lthough  th is  w as only sta tistica lly  significant for tUV. It is suggested  th a t  
dancers  are  m ore likely to be hypogonadal. It seem s likely th a t  th e  low CV% of 
tuv allowed a  significant difference to be detected even w ith  sm all num bers. 
Leong (1997) exam ined 50 A sian fem ales (Singapore) u s in g  tUV and  DXA BMD 
of th e  h ip  an d  lu m b ar spine. He found the  reproducibility  of tUV to be  good, 
CV% = 0.3. He also exam ined the  tUV of left and  righ t legs in  74  volunteers, 
an d  found no significant difference. The correlations betw een tUV and  DXA 
BMD of the  h ip  an d  lu m b ar sp ine w ere b e tte r  th a n  previously reported  (r = 0.68 
an d  r  = 0.61 respectively). This m ay  be a  charac teristic  of the  racial group 
studied .
A m ore recen t pub lication  w as a  basic  science p ap er by Lee (1997). 26 fresh  
frozen cadaveric h u m a n  lim bs w ere exam ined. After thaw ing, tUV w as 
m easu red  u sin g  the  Myriad S o u n d scan  2000 in  the  previously described  
fashion. A 40 x 4 .5m m  cylinder w as th e n  m achined  from  the  m idpoin t of the
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an terio r c res t of each  tib ial specim en. The 40 x 4 .5m m  cylinders h ad  BMD 
m easu red  u sin g  a  peripheral QCT (Stratec XCT 960A, N orland eorp, Fort 
A tkinson, WI). The 40  x  4 .5m m  cylinders th e n  were m ach ined  to a  d iam eter of 
3m m  over the  cen tra l 8m m  section. The cylinders were th e n  tested  to failure in 
ten sion  u sing  an  In stron  m ach ine  (Instron eorp, C anton, MA) w ith  an  MTS 
gauge. Excellent correlations w ere found for tUV w ith  qCT BMD {r^  = 0.74), tUV 
w ith  m odu lus (r^ = 0.84), tUV w ith  u ltim ate  streng tli (r^ = 0.75) and  BMD w ith 
u ltim ate  s tren g th  (r^ = 0.80). U nfortunately, of th e  26 original specim ens, 5 
w ere b roken  during  the  m ach in ing  process, an d  a  fu rth e r 10 failed a t  the 
in terface w ith  th e  ehuek  ra th e r  th a n  th rough  the  3m m -diam eter section  being 
m easu red  w ith  the  s tra in  m eter. T hus, of the  original 26 sam ples, only 11 
provided valid re su lts  for analysis. It is also u n clear how  represen ta tive  a  
4 .5m m  diam eter sam ple is of th e  tibia, and  a lthough  BMD w as b ased  on th is 
sam ple, u ltra so u n d  velocity w as m easu red  in  the  whole bone. The u ltra so u n d  
m easu rem en ts  w ere all m ade a t  "room tem perature". The control of th is  
tem p era tu re  is n o t d iscussed . It is recognised th a t  tem pera tu re  effects 
u ltra so u n d  velocity substan tia lly , an d  th is  will be exam ined later.
As d iscussed  in  th e  previous sections, it is clear th a t  th e re  is an  extrem ely 
strong  re la tionsh ip  betw een u ltra so u n d  velocity, and  the  approxim ately 
c o n s tan t ratio  of density  an d  elasticity  in  bone. It is therefore n o t a  su rp rise  
th a t  extrem ely strong  correlations ex ist betw een these  variab les in  sm all, 
m ach ined  specim ens. It m ay be th a t  it is the  aspects  of bone o the r th a n  density  
w hich  are responsib le  for th e  potentially  elinieally usefu l varia tions in  
u ltra so u n d  velocity. The m o st recen t pub lications regarding th e  S oun d scan  
device will be ad d ressed  in  a  sep ara te  chapter.
C onclusion
To conclude, th is  novel device offers prom ise due to im proved reproducibility  
and  the  u se  of a  cortical bone m easu rem en t site.
This th esis  aim ed to  system atically  a sse ss  th is  new  m ethod of quantifying 
skeletal health , in  several stages.
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Reproducibility s tud ies  w ere perform ed. An in  vitro m odel w as developed to 
a sse ss  the  pathw ay  of u ltra so u n d  w aves an d  te s t the  effects of tem pera tu re , 
soft tissu e  th ick n ess  an d  positioning error. T em perature and  positioning erro r 
w ere th e n  tested  in  vivo. Several d isease  s ta te s  w ith know n effects on bone were 
th e n  u sed  as  m odels to determ ine th e  effects on tUV and  o ther m ethods.
A norm al d a ta se t w as collected to  allow gender and  age effects to be assessed . 
This also allowed for no rm al ranges to  be  se t for Z an d  T scores and  th u s  
th resh o ld s  for diagnosis of osteoporosis.
F rac tu re  d iscrim ination  w as tested  retrospectively in a n  existing s tudy  
population . Finally in  a  prospective trial, th e  n a tu ra l h isto ry  of tUV, as  well as  
its  response  to b isp h o sp h o n a tes  in  com parison  w ith BMD and  BUA.
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Introduction
Clinical s tud ies  perform ed previously have indieated  veiy  low reproducibility  
e rro r for the m easu rem en t of tib ial u ltra so u n d  velocity (tUV)using the  
S o u n d sean  (Myriad, Rehovot, lsrael(Orgee 1996, Foldes 1995). CV% h a s  ranged  
from 0.50%  to 1.60% in  th e  s tu d ies  d iscussed . The validity of th ese  s tu d ies  is 
accepted. It rem ains desirab le, however, to confirm  these  findings for the  
equ ipm en t an d  personnel locally. In addition, there  were o ther sources of 
po ten tial e rro r w hich  w ere im p o rtan t to exam ine, an d  an  in-vitro m odel w hieh 
required  assessm en t. For th is  purpose, th e  recom m endations of th e  A m erican 
Food an d  D rugs Agency (FDA) w ere followed. T hese recom m endations ind icate 
th a t  10 sub jec ts  shou ld  have m easu rem en ts  m ade on two occasions to include 
repositioning error.
The two techn iques to  be u sed  w ere tUV using  the  S oundscan , and  BMD of tlie 
tib ia  using  DXA w ith  th e  Hologic QDR 2000p lus (Hologic, W altham , 
M assachusetts). As it  w as in tended  to a sse ss  these  m easu rem en ts  in  bo th  a 
h u m a n  in-vivo m odel an d  in  a  bovine in-vitro model, it w as felt im p o rtan t th a t 
b o th  m ethods should  be te sted  in  bo th  m odels. The o ther poten tial sou rces of 
e rro r w hieh 1 w ished to investigate for tUV were the  effect of sm all varia tions in  
positioning of th e  probe, an d  th e  effect of tem peratu re . Both of th ese  
su b se q u en t s tud ies  are  therefore inc luded  in  th is  chapter.
Phantom
A p lastic  p h an to m  is provided by the  m a n u fac tu re rs  of tlie S o u n d sean  and  w as 
u sed  on  each  day  th a t  th e  m ach ine w as in  use . Before any  clinical m easu re s  
m ay be m ade using  th e  S oundscan , the  phan tom  m u s t be m easu red . W ithout a  
velocity m easu rem en t m ade on th e  p h an to m  m atch ing  th e  know n value for it, 
th e  softw are will n o t allow fu rth e r m easu rem en ts  to be m ade. This en su res  a  
degree of in trin sic  reliability th ro u g h  regu la r b en ch m ark  m easures.
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Hum an Subjects  
M ethods
10 ad u lt vo lun teers w ere exam ined. In  each  case th e  non -dom inan t leg w as 
u sed  for m easurem en t.
M easurem ent of tUV w as m ade by  a  single operato r on  two occasions. A 
s ta n d a rd  u ltrason ic  coupling gel w as used , an d  a  room  w ith a  therm ostatically  
controlled tem p era tu re  of 21°C. The non-dom inan t limb w as exposed from knee 
to  foot an d  the bony lan d m ark s  of the  lower pole of pate lla  and  tip of th e  m edial 
m alleolus w ere identified. Using a  m easu ring  tape, th e  d is tance w as m easu red  
betw een th e  two points. This d istanee w as halved, and  th e  halfway po in t w as 
m arked  w ith  a  transverse  line across the  an terio r face of th e  sh in  (and hence 
tibia). This is show n in Fig 4.1.
The S o u n d scan  probe w as placed on th e  sh in . The m ark ings on th e  probe (a 
line m oulded into th e  p lastic  casing) an d  the  sh in  w ere aligned. The tran sm itte r  
end  of the  probe array  w as always proxim al. Using the p rom pts on th e  d isplay 
screen, th e  probe could be  m an ipu la ted  so th a t the  soft tissu e  th ick n ess  w as 
equal to w ith in  1mm a t  each  receiver. At le ast 150, an d  up  to 300 
m easu rem en ts  w ere m ade, w hilst sliding tlie probe in  a  m edio-lateral d irection 
in  the  coronal plane. The aim  of th is  w as to en su re  adequa te  sam pling of the  
tibia, an d  th u s  m ake it  likely th a t  the  p a r t of th e  tib ia  w ith the  h ighest 
u ltra so u n d  velocity h ad  been  m easured .
The average of the  5 h ig h est velocity m easu rem en ts  w as u sed  as th e  recorded 
velocity. It shou ld  be u nders tood  th a t  betw een the  h ig h est an d  low est velocity 
m easu red  in  th e  5cm  sam ple a rea  of th e  tib ia  th e re  is u su a lly  a  difference of 
a ro u n d  500m s k A concep tualisa tion  of th is  leads m e to believe th a t  w h a t is 
m easu red  w ith each  signal is  a  "m atchstick" shaped  sam ple of bone. (This is 
n o t easy  to prove in-vivo). As cortical bone is anisotropic, the re  m ay  be wide 
varia tion  betw een ad jacen t sam ples. In  order to m axim ise reproducibility, 
several s trateg ies m ay be applied.
Orgee (1996) te sted  th e se  strateg ies. She exam ined th e  average of the  
m axim um  5 readings, th e  average of th e  m in im um  5 readings, th e  average of all 
150-300 read ings and  a  “trim m ed” average of all read ings betw een th e  lO^i and  
90th centiles. Reproducibility w as CV% = 0 .35  for tlie average of th e  m axim um  5
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read ings and  m ore for th e  o the r stra teg ies (up to 1.17% for th e  average of the  
m inim um  5). O n th is  b asis , it w as decided to  con tinue w ith  th e  recording of th e  
average of the  5 m axim um  readings.
The 10 ad u lt vo lun teers were th en  exam ined u sing  the Hologic QDR 2000plus. 
In  each  case th e  non -d o m in an t leg w as u sed  for m easu rem en t of th e  BMD of 
th e  tibia. Again, th e  m easu rem en t w as m ade twice on one day. Positioning w as 
considered  im p o rtan t to  reduce errors. E ach  individual w as positioned sup ine  
on  th e  scann ing  area. The leg w as exposed from knee to foot. The m ortise of th e  
ankle jo in t w as u sed  a s  the  reference poin t for all scan  m easu rem en ts. In 
keeping w ith  s tan d a rd  rad iographic positioning practice, therefore, th e  foot w as 
held  in  45° of in te rn a l ro ta tion  by a  p lastic  foot positioning fram e during  
scanning . This w as to b ring  th e  an teverted  fem oral neck  parallel to  th e  tab le to 
avoid foreshortening of the  neck, w hich  eould falsely elevate m easu red  BMD. A 
DXA scan  w as m ade u sin g  the  pencil beam  mode, in  o rder to  allow analysis 
u s in g  th e  softw are on a  Hologic QDRIOOO scanner. The software on the 
QDR1000 w as designed for analysis of DXA scan s  w ith o u t u sing  au tom ated  
protocols pu rpose  designed for h ip  or spine, w hieh w ould n o t be  appropria te  for 
a  long bone su ch  a s  th e  tibia. The scan s  were analysed w ith reference to the  
leng th  of the  tibia, m easu red  during  th e  u ltra so u n d  velocity m easu rem en t. As 
th e  tuv w as m easu red  in  th e  5cm  d ista l to the  m idpoint, th is  w as th e  site- 
m a tched  a rea  analysed  for BMD an d  BMC. In  addition, a  global m easu re  w as 
m ade of the  BMD of the  tib ia  in  th e  p a r t  from the  ankle jo in t to the  m idpoint. 
All scan s  w ere analysed  by  a  single observer.
The analysis u sed  to a sse ss  reproducibility  w as m ade u sing  the  FDA 
recom m ended form ula :
CV% = {SD POOLED/XaveragbI xlOO
W here SD pooled = V Z^IXii-XgjB
2m
R esu lts
The re su lt of sh o rt te rm  reproducibility  is displayed in  tab le 5,1
It can  be seen  th a t bo th  m easu re s  are  capable of low reproducibility  errors.
66
1.77
2.25
1.35
Table 5.1 Precision of BMD and  UV a t the  tib ia in h u m an  
volunteers
In-Vitro S p ecim ens  
M ethod
The model exam ined in-vitro u sed  isolated  bovine bone specim ens. All sam ples 
were acquired from a  com m ercial beef boning p lan t in Sheffield. The an im als 
were all 12 m o n th s  old beef eattle  being prepared  for h u m a n  consum ption , the 
bones being a  w orth less by-product from a  com m ercial po in t of view. After 
s lau g h te r elsew here, the  ea reasses  were chilled for tra n sp o rt and  processing, 
b u t no t frozen. No bovine bone from older or unsafe  an im als  w as used . The 
m odel used  6 bovine u lnae , w hich had  been  stored in formol saline prior to 
being em bedded in  polyester resin . The specifics of the  p repara tion  are  b est 
dealt w ith in the  nex t chap ter. For the  pu rp o ses  of confirm ing reproducibility, it 
is sufficient to s ta te  th a t specim en tem pera tu re  w as recorded for each 
u ltra so u n d  m easurem en t.
For the  u lnae, w hieh were em bedded in polyester resin , a  different approach  
w as used  from the  h u m a n  volunteers. Two observers m easu red  U ltrasound  
Velocity of a  single sam ple repeatedly  for a  to tal of 18 m easu rem en ts  each. As 
before, m easu rem en ts  were m ade a t room tem p era tu re  (therm ostatically  
controlled 21*^C), and  specim en tem pera tu re  w as m easu red  for each  scan. 
A nalysis of variance w as w ith one way ANOVA using  the  operato r a s  the  
bloeking factor. This can  be expressed  a s  the  general form ula :
CV% = (V Mean SquarewiTHiw)/Average of all Measurements
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To a sse ss  reproducibility  of BMD, all 6 u ln a r  specim ens w ere m easured  twice 
w ith repositioning. The analysis followed the  sam e form ula a s  w as used  for 
h u m a n  vo lun teers (see above).
R esu lts
The resu lt is show n in tab le 5.2. It can  be seen  th a t the  reproducibility  e rro r is 
low for bo th  m easu res. The u ltra so u n d  velocity appea rs  to have a  h igher e rro r 
th a n  in vivo. This m ay be a n  in trinsic  failing of the model, or it m ay be due to 
the  different m ethodology u sed  to a sse ss  it. As there  w ere no t 10 specim ens to 
repea t m easu re s  on, the  repeated  m easu re s  on a  single specim en m ay be a 
lim iting factor.
1.70
2.46
Table 5.2 Precision of BMD an d  UV in in-vitro specim ens
The polyester w as sub jected  to DXA scann ing  a s  an  isolated specim en on the 
QDRIOOO. It w as m easu red  a s  having a  BMD of 0.0 gem 3, and  it w as therefore 
concluded th a t no significant effect on BMD would be a ttr ib u tab le  to the  resin.
Tem perature 
In-Vitro
For the s tudy  of the effects of tem peratu re , an  in-vitro m odel h a s  certain  
advantages. A wide range of te m p era tu res  m ay be stud ied  w ithou t concern for 
safety or com fort of a  volunteer. T em perature m easu rem en t m ay be eonfirm ed 
by a  therm om eter placed inside th e  specim en. As there is no blood flow, the 
specim en tem pera tu re  will rapidly conform  to the  su rro u n d in g  m edium , and  
will no t correct itself tow ards 37°C a s  will a h u m an  volunteer.
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M ethod
For th is  study , the  6 polyester em bedded bovine u lnae  w ere used . A th e rm o sta t 
controlled w ate r-b a th  (designed for te s t-tu b e  incubation) w as u sed  to  eontrol 
the  tem peratu re . Initially th e  w ater-ba th , contain ing  all 6 specim ens and  full of 
w ater, w as cooled to  5°C. M easurem ent of the  UV of each  specim en w as m ade 
u sing  th e  S o u n d scan  an d  repea ted  3 tim es. The tem p era tu re  w as th e n  
increased  in  5°C step s  u p  to 40 °C using  the  therm osta t. At each  tem pera tu re , 
m easu rem en t of th e  UV of each  specim en w as m ade u sin g  th e  S oun d scan  and  
repea ted  3 tim es. The tem p era tu re  w as eonfirm ed a t  each  stage u sin g  a  
scientific m ercury  therm om eter, w hieh  w as placed in  a  4m m  drill-hole m ade in 
the  side of th e  specim en down to th e  level of th e  an terio r cortex of th e  bone. 
A nalysis w as m ade by  p lotting  of UV ag a in st tem peratu re , firs t a s  a  sc a tte r  plot, 
an d  th e n  as  a  plot of m ean  an d  SEM for the  range of UV a t  each  tem p era tu re  
point. A b e s t fit line w as p lotted  u sin g  Excel (Microsoft],
R esu lts
There is a n  extrem ely strong  inverse correlation betw een tem p era tu re  and  UV 
in-vitro over the  range exam ined. A linear b e s t fit line h ad  r^ = 0 .989  (figs 5.1 
an d  5.2), and  for a  polynom ial m odel th e  r^ = 0.996. The varia tion  vUth 
tem p era tu re  w as -6 .7m s-V  ^C. This m a tch es  very closely to  the  previously 
observed varia tion  of -0 .17%  per degree centigrade, w hich gives a  predicted  
varia tion  of 6 .63ms-1/  °C for a  velocity of 3900ms-1 (M cCarthy 1990). In view of 
th is  resu lt, it w as im po rtan t to te s t the  behav iour of UV in-vivo.
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Figure 5.1 UV plotted ag a in st tem p era tu re  for bovine specim ens, 
m ean  of all specim ens an d  SEM
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Figure 5.2 UV plotted ag a in st tem pera tu re , re su lts  show n for each 
individual bovine specim en
Tem perature 
In-Vivo
10 ad u lt vo lunteers, 3 m ale an d  7 female, were exam ined. It w as recognised a t 
the  o u tse t th a t ac tu a l m easu rem en t of the  bone tem pera tu re  w ould no t be
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possible, or ethically desirable. As th e re  Is no accu ra te  m ethod  to convert a  
sk in  tem p era tu re  to a  bone tem pera tu re , It w as decided th a t  ra th e r  th a n  
a ttem p t to m easu re  a n  u n ce rta in  surrogate , it w ould be b e tte r to  sim ply 
exam ine the  m o st extrem e effeets of tem pera tu re  likely to be eneoun tered  in  
clinical practice. This avoids th e  need  to know  the ac tu a l tem peratu re , a s  it 
m ay be safely accepted  th a t  a  clinician w ould never su b jec t a  p a tien t to a  
tem p era tu re  w hich goes beyond the  th resho ld  of comfort. T h u s the  effect on 
tuv of m axim ally chilling th e  sub jec t's  lower leg (witliin th e  lim its of comfort) 
an d  re-w arm ing it  m axim ally, again  w ith in  the  lim its of com fort w as estim ated.
M ethod
E ach  vo lun teer w as exam ined sup ine, w ith  the  n on -dom inan t leg exposed. In 
th e  previously described  way, the  m idpoin t of the  tib ia  w as m arked . In o rder to 
chill the  leg, an  ice p ack  (tem perature -20°C) w as applied over a  d iy  clo th  (to 
p ro tec t the  skin) a t  th e  m arked  m idpoin t of th e  tibia. This w as held in  p lace for 
10 m inu tes. All vo lun teers reported  a  m anageable degree of discom fort, 
a lthough  th is  w as n o t quantified , an d  in  all vo lunteers tlie sk in  over th e  tib ia  
w as cold to touch . TUV w as th e n  m easu red  w ith the  S o u n d scan  probe in  the  
m a n n e r previously described.
To re-w arm  the  leg, a  h o t w ater b a th  w as used. E ach  vo lun teer filled th e  b a th  
for h im  or herself, w ith  the  w ater a t a s  high a  tem pera tu re  as  w as com fortable. 
The chilled limb w as im m ersed  in  th e  w ater for a t le as t 10 m inu tes, an d  for as 
long after as  the  vo lun teer felt w as necessary  to  feel fully w arm . The tUV w as 
th e n  re -m easu red  im m ediately in  the  described way. All the  lim bs felt ho t to  the  
to u ch  after re-w arm ing.
It is w orth  re  itera ting  th a t  the  scale of tem pera tu re  m easu rem en t is n o t 
im portan t. If the re  is no dem onstrab le  difference in  tUV betw een th e  extrem es 
of cold an d  w arm th  m e t in  rea l practice, th e n  it is sufficient to say  th a t  in  
practice, cold an d  w arm th  do n o t effect the  m easu rem en t of tUV.
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The analyses of d a ta  were m ade w ith paired  param etric  and  non param etric  
tests .
R esu lts
First, a  paired  T te s t w as perform ed. The difference w as no t significant a t p = 
0.33. In view of th e  sm all n u m b er of sub jects, and  the  norm ality  of d istribu tion  
of m easu rem en ts, a  Wilcoxon te s t w as perform ed. The difference w as not 
significant a t p  = 0.17. The m ean s of the  tUV from the  chilled an d  w arm ed 
lim bs were 3962 an d  3896  m s -1 respectively. The s ta n d a rd  e rro rs  of the  m ean  
were 135 and  137m s-1 respectively. Fig 5.3 dem o n stra tes  the  trend  for h igher 
m easu rem en ts  in the chilled lim bs, b u t the  confidence in tervals indicate a n o n ­
significant difference.
TEMPERATURE VARIATION IN VIVO
ICED WARMED
Figure 5.3 M ean tUV for vo lun teers w ith chilled and  rew arm ed legs
Finally a  sca tte r plot w as m ade (fig 5.4), and  a  Pearson  correlation calculated . It 
can  be seen from the  plot th a t  one individual had  a  read ing  w hich falls well 
ou tside the general pa tte rn . If th is  ou tlier is reta ined , th en  the  Pearson 
correlation is borderline significant w ith r  = 0 .45.
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Figure 5.4  S ca tte r plot w ith regression  line com paring w arm ed legs (y axis), 
w ith chilled (x axis)
If th is  outlier is excluded th e n  the  Pearson  correlation is highly significant w ith 
r  = 0.91. (fig 5.5)
Human tibia - Warmed vs Chilled
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Figure 5.5 S ca tte r plot w ith regression line of tUV for h u m a n  vo lun teers 
w arm ed legs (y axis), w ith  chilled (x axis)
It can  be seen  th a t in  th is  study , a  non significant trend  tow ards h igher 
read ings of tUV w as seen  in chilled lim bs. The exclusion of a  single outlier 
a lm ost erad ica tes th is  trend . There is no obvious reason  for the  outlier. U ser
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erro r rem ains m o st likely. We m ay conclude th a t  in  clinical practice, 
tem pera tu re  does n o t cau se  a  significant error.
P osition in g  variation  o f  1cm  
In v itro  
M ethod
For th is  study, 5 of th e  6 bovine u lnae  were used . The m idline of the  bone w as 
m arked  a s  previously described. All specim ens w ere w arm ed to room  
tem peratu re , an d  h ad  ac tu a l tem p era tu re  m easu rem en t by m ercu iy  
therm om eter. The UV w as m easu red  in  th e  described w ay u sing  the S oun d scan  
a t the  m idpoint. In addition, UV w as m easu red  a t  1cm d is ta l to the  m idpoin t 
an d  a t  1cm proxim al to th e  m idpoint. Three readings w ere tak en  a t each  point. 
A nalysis w as w ith  sca tte rp lo t an d  regression  line, and  n o n  param etric  testing.
R esu lts
The graph  dem o n stra tes  a  sca tte rp lo t for each  m easu rem en t point. The linear 
regression  line show s a  poor, b u t  sta tistically  significant P earson  correlation  (r^ 
=0.107, p=0.028). It can  be seen  th a t  u p  to  1cm positioning erro r m ay lead to a  
sm all b u t  significant difference.
Position Error - In-vitro
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Figure 5.6 Plot show ing erro r d u e  to 1cm m alpositioning in  bovine specim ens
74
This m ay tran s la te  in to  a n  im p o rtan t system atic e rro r if large n u m b e rs  of 
su b jec ts  are  exam ined. It is clearly im p o rtan t to m inim ise e rro rs  of positioning 
in  th e  m easu rem en t of UV. The m ean  values of UV a t each  position  were 
4 4 0 2 m s-1, 4 4 0 6 m s-1, an d  4 5 0 7 m s-1 for 1cm proxim al, m idpoin t an d  1cm 
d ista l respectively. K ruskal-W allis AN OVA gave P=0.0521 show ing a  n o n ­
significant tren d  for the  m alpositioned groups to be different from  the  index 
m e asu re m en ts .
P osition in g  variation  o f  1cm  In vivo  
M ethod
A group of 9 young ad u lts  an d  10 elderly fem ales (>75years old) had  
m easu rem en t of tUV in  th e  previously described way. In o rder to te s t the  effect 
of positioning error, a  m e asu rem en t w as m ade a t  1cm proxim al an d  a t  1cm 
dista l to th e  m a rk  for the  m idpoint. The m ean s of th e  m easu rem en ts  a t  th e  
th ree  positions were com pared.
R esu lts
Position Error - In vivo
R"" = 0.0065
1cm proximal Midline 1cm Distal
Figure 5.7 Plot show ing erro r due to m alpositioning 1cm in  h u m a n  
vo lun teers m easu rem en ts  a t  the  th ree  sites.
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The UV m easu red  for each  vo lun teer a t  each  position is rep resen ted  in figure 
5.7 w hich  show s th e  sca tte rp lo t an d  the  regression  line. The P earson
correlation is veiy w eak  an d  non-significant (r2 =0.0065, p=0.55). The m ean  UV 
for each  position  w as 3 8 5 8 m s-1, 3 8 7 7 m s-1 an d  3 9 0 1m s-1 for proxim al, 
m idpoin t and  d ista l respectively. K ruskal-W allis ANOVA gave P=0.779, showing 
th a t  the re  is unlikely  to be a  clinically im portan t difference due to 1cm 
m alposition  com pared w ith  correct positioning.
It shou ld  be recognised th a t  th is  still rep resen ts  a  sm all sam ple in 
epidemiological term s, an d  th a t  care is  required  in  positioning the  p robe in 
o rder to m axim ise reproducibility  an d  reduce system atic error.
D iscu ssion
The m easu re s  to be u sed  th ro u g h o u t the  re s t of th e  s tu d y  have been  show n to 
have low reproducibility  errors.
The coefficients of varia tion  of th ese  m easu rem en ts  are  sm all an d  w ith in  the 
ranges previously reported  for densitom etric techn iques. This range is 
acceptable for diagnosis. W hether the  erro r w ith tUV is low enough  to follow 
d isease  p rogress over the  m edium  te rm  is unproven. This is re la ted  to th e  ra te  
of change in  tUV exhibited by the  ta rge t population. This is ad d ressed  in  la te r 
chap ters.
It is in teresting  to no te  th a t  a  1cm erro r in  proxim al or d is ta l p lacem en t of the  
u ltra so u n d  tran sd u ce rs  did no t p roduce a  significant difference w ith  the  
sam ple stud ied . It is also of note th a t  the re  is  a  predictable linear re la tionsh ip  
betw een UV and  tem pera tu re , w hich  is  n o t dem onstrab ly  a  problem  in-vivo.
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Introduction
It is n o t clear w hich asp ec ts  of skeletal m ake-up  are  reflected by u ltra so u n d  
tran sm issio n  velocity. There are  a  n u m b er of experim ents w hich  can  be 
perform ed in-vitro to clarify th e  answ er, w hich w ould no t be possib le or 
acceptable for h u m a n  sub jec ts  in-vivo. P reparations of h u m a n  bone w ould be 
ideal for th is  purpose. U nfortunately , th e se  are no t easy  or pred ic tab le to 
acquire. There m ay be  wide varia tions in  age, racial type, general h ea lth  an d  
skeletal h ea lth  w ith  post-m ortem  or am p u ta tio n  specim ens. A m odel u sing  
an im al bone m ateria l can  overcom e th ese  problem s. The age and  breed  are th e  
sam e th ro u g h o u t each  b a tch  of an im als processed, an d  the  general h ea lth  
m u s t reach  a  certa in  s ta n d a rd  for s lau g h te r for h u m a n  consum ption . There are  
som e shortcom ings in h e re n t in  a  n o n -h u m an  model. In particu la r, it is 
recognised th a t th e  H aversian  a rch itec tu re  prevalent in  ad u lt h u m a n  cortical 
bone is no t reproduced  in  12 m o n th  old cattle, w hich have a  p redom inantly  
p rim ary  osteon  s tru c tu re  (Albright 1979). This may, however, be  seen  as  an  
advEuatage in  a s  m u c h  a s  porosity  is unlikely to vary  greatly an d  therefore 
influence the  resu lts .
In general, an  in  vitro m odel m ay be expected to answ er questions concerning 
th e  effects of soft tissue , th e  effects of cortical th ickness, th e  re la tionsh ip  w ith 
DXA BMD, an d  the  pa thw ay  of th e  fa s te s t u ltra so u n d  wave.
It is accepted th a t  6 sam ples m ay n o t be sufficient to robustly  te s t all aim s. 
However, a  strongly significant finding u sing  a  sm all sam ple m ay lend su p p o rt 
to form ing a  hypothesis of w hich  bone featu res modify u ltra so u n d  velocity.
S p ecim en  Preparation: 
M aterials And M ethods Of Preparation Of P olyester Em bedded Bone  
Specim ens. 
The Bone
Six specim ens of bovine u ln a  w ere supplied  by a  com m ercial boning p la n t 
(Sheffield Cold Stores) in  Sheffield betw een April and  May 1996. These w ere a  
by -p roduct of the  p rep ara tio n  of h igh  quality  beef for h u m a n  consum ption  in  
the  local a rea  and  are of no  in trin sic  value. All source cattle  were 12 m ontlis  of
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age an d  h ad  been  slaugh tered  in  a  regu la ted  aba tto ir p rior to tra n sp o rt as 
chilled carcasses  to th e  boning  p lan t.
Following acquisition, th e  cen tra l 7 inches of each  u ln a  w as isolated  by 
sectioning off th e  extrem ities a t  a  m easu red  m a rk  u sing  a  pow er saw  (Kress, 
W est Germany). All soft tissu e  w as rem oved u sing  a  sh arp , h an d  held  blade. 
The specim ens w ere th e n  subm erged  in  Form ol Saline 1% so lu tion  for 3 
m o n th s  to stabilise w ater co n ten t an d  en su re  sterility.
The R esin
A com m ercially available polyester re s in  (Norpol) w as chosen  for em bedding. 
The m odu lus of e lasticity  an d  density  predicted  a  velocity of so u n d  
tran sm issio n  close to th a t  of soft tissue . E ase of u se  in previous casting  tria ls  
w as also a n  im p o rtan t factor, a s  w as th e  good tran sp a ren cy  of the  fully se t 
com pound.
A m a n u fac tu re r’s  d a ta  sh ee t is enclosed in  the  appendix.
The Form ol Saline
The readily available 1% so lu tion  of Form ol Saline a s  u sed  in  the pathology 
d ep artm en t of the  C entral Sheffield H ospitals w as u sed  to fully hydrate  an d  
sterilise th e  bone specim ens. The surface of the  bone specim ens w as w iped d iy  
w ith  a  clean cloth im m ediately p rio r to casting, b u t  th e  specim ens rem ain  
sa tu ra te d  w ith  the  solution, a s  no tim e w as given to allow drying.
D evelopm ent o f th e  in  v itro  m odel
In o rder to  a sse ss  the  effect of soft tissu e  th ickness, it w as p lanned  to u se  a  soft 
tissu e  su b stitu te . This w ould be applied  to th e  an terio r su rface of th e  bone 
specim en prio r to m easuring . It could th e n  be m ade th in n e r  an d  reapplied  u n til 
th e re  w as d irect con tac t betw een probe an d  bone. Initially, it seem ed th a t  w ater 
w ould be a  sim ple solution, as  th e  speed  of sound  in  w ater approxim ates th a t 
in  soft tissue. Initial a ttem p ts  to  do th is  however, all failed. For the  m o st part, 
th e  S o undscan  w ould read  "no acoustic  contact". This probably  w as cau sed  by 
th e  p a ir  of 1 MHz tra n sd u c e rs  n o t receiving a  sufficiently strong  reflection from
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Figure 6.1 P hotographs of a  p repared  specim en of Bovine U lna em bedded in 
Norpol resin.
the  w a te r/b o n e  interface to recognise it (personal com m unication  from B. 
W yshogrod, Myriad). In addition, it w as clear th a t it w as no t practical to keep 
the  probe array  a  se t d istance  from the  bone surface, and  move it medio- 
laterally  a t the  sam e time. A second a ttem p t w as m ade a t a  soft tissu e  
su b stitu te . Both fat (butter) and  m uscle (meat) were tried. It w as im m ediately 
clear th a t bo th  of these  were highly deform able, and  th a t  the  th ick n ess  could 
no t be m easu red  or altered  w ith any  confidence. As well as  th is  there  were 
m arked  problem s w ith hygiene.
The ideal m ateria l would be a  solid, tran sp a re n t, non-deform ing, m achine-able 
su b stan ce , w ith a  sound  tran sm issio n  velocity com parable w ith soft tissu e  
seem ed to be the  ideal. The polyester "Norpol" - a  cold curing  plastic  used  for 
em bedding objects (for exam ple to m ake paperw eights) - w as chosen. It h a s  the 
advan tages of availability an d  ease of use. It is tran sp a re n t, and  se ts  a t room 
tem pera tu re  after the  add ition  of a  catalyst. The m a n u fac tu re r’s d a ta  shee t 
s ta te s  th a t a t 23®C the  density  is 1.12 gcm"^ an d  th e  elastic  m odu lus is 
2.54G Pa. This gives a  calcu la ted  u ltra so u n d  tran sm issio n  velocity a t room
tem pera tu re  of 1506m s" This is w ith in  the  range 1450-1550m s" ^  quoted  for 
h u m a n  soft tissue . A single bovine u ln a  w as em bedded a s  a  te s t model. The 
S ou n d scan  had  no difficulty identifying the  bone specim en, an d  because  the  
an te rio r surface w as m oulded flat, it proved very sim ple to move the  probe in a 
m edio-lateral direction in o rder to m easu re  the full w idth  of the  bone. The
velocities in  bone m easu red  were In the  expected range of 4000-4500m s" 1. 
B ecause of th e  high tran sp aren cy , the  m idpoin t m ark  m ade a s  th e  probe 
positioning reference w as easily  visible th roughout. The com posite of bone an d  
p lastic  w as clean, an d  held  the  specim en stab le  during  m easu rem en t. A fu rth e r 
6 specim ens were therefore prepared . The th ickness of polyester in  fron t of the  
bone specim en w as easily  controlled. The so lution w as m ixed w ith  catalyst, an d  
poured  in to  a  s tra igh t-sided  tin  to a  d ep th  of 12mm (m easured w ith  a  ruler). 
This w as allowed to se t solid before th e  bone specim en w as laid face dow n in  
the  tray , w ith  the  "subcu taneous" fla t surface lying on th e  solidified polyester. 
The rem ainder of th e  polyester w as th e n  poured  in to cover the  specim en 
(Figure 6.1). This, in  fact, c rea ted  two m ore advantages. The interface betw een 
bone an d  "soft tissue" w as unch an g ed  th ro u g h o u t the  experim ent, and  the  
bone specim en w as com pletely covered, th u s  preventing dehydration  d u ring  the  
study.
R elationsh ip  o f DEXA BMD to  U ltrasound V elocity  
Aim s
To correlate the  u ltra so u n d  velocity w ith  a  site m atched  BMD. This is n o t 
perform ed in  clinical practice, a s  each  device h a s  been  calib rated  and  assessed  
for its  own site or site s  of use. If UV is sim ply a  reflection of bone m ineral 
density, it can  be hypotliesised  th a t a  BMD m easu rem en t of th e  sam e site will 
correlate reasonab ly  w ith  UV.
M ethod
The specim ens of bovine bone w ere sub jec t to densitom etry  u sin g  a  Hologic 
QDR 1000. This w as perform ed prior to em bedding in  Norpol. A block of Norpol 
5cm  th ick n ess  w ith  no bone w as also sub jected  to densitom etry  w ith  th e  sam e 
scanner. U sing a  custom  “region of in te re s t” program , two a rea s  were assessed . 
Firstly, the  en tire  specim en of bone w as analysed. Using th e  sam e scan  image, 
a  second analysis w as perform ed of th e  50m m  zone from  the  line u sed  for 
u ltra so u n d  m easu rem en t. This w as identified on th e  scan  from  a n  ad jacen t 
rad io-opaque m ark e r placed a t  th e  in itia l scan.
C om parison w as m ade by  scatterp lo t, an d  correlation coefficients.
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Figure 6.2  DXA scan  of bovine specim en em bedded, dem onstra ting  region of 
in terest.
R esu lts
There w as a  highly significant and  m arked  inverse rela tionsh ip  betw een Bone 
M ineral D ensity and  U ltrasound  Velocity a t the  m atched  site  (r=-0.49). The 
correlation betw een BMD a t th e  50m m  region of in te rest and  BMD of th e  whole 
specim en w as very close(r^=0.90). The scatterp lo ts  (figs 6 .3  and  6.4) illu stra te  
these  findings. Of in terest, Norpol a s  a  c a s t block had  no detectable BMD, and  
w as analysed  a t 0 .000g /cm 2 .
Bovine specim ens, tUV vs BMD
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Figure 6.3 S ca tte r plot of u ltra so u n d  velocity aga in st BMD for the  bovine 
u ln a  specim ens in the ir whole s ta te . (P=0.64)
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Bovine specimens, BMD
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Figure 6 .4  S ca tte r p lo t of BMD for th e  bovine u ln a  specim ens, w hole 
specim en ag a in st 50m m  region of in terest. (P=0.005)
D iscu ssion
The inverse re la tionsh ip  is a  su rp rise , even w ith  a  sm all sam ple. Even if th is  is 
an  error, it suggests strongly  th a t  UV does n o t p red ic t density , an d  needs to be 
trea ted  w ith  cau tion  w here densitom etiy  is  th e  clinical aim. It rem ains quite 
possible for a n  u ltra so u n d  “bone quality” m easu re  to be useful, an d  to reflect 
general skeletal s ta tu s  w ithou t ac tually  m easuring  density.
It is possible th a t  inclusion  of cancellous bone and  th e  cortical bone of th e  far 
su rface h a s  system atically  skew ed th e  BMD m easu rem en ts. However, given the  
extrem ely close correlation  betw een regional an d  to ta l BMD for these  
specim ens, it does n o t seem  likely th a t  th is  e rro r could be  as  large.
The E ffects Of Soft T issue T h ick n ess  
A im s
To investigate the  effects of soft tissu e  th ickness, an d  to te s t  th e  m a n u fac tu re r 's  
claim  th a t  soft tissu e  th ick n ess  w ould be negated  by the  design  of th e  probe 
array.
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M ethod
At each  m easu rem en t, the  tem p era tu re  w as m easu red  using  a  m ercury  
therm om eter in a  drill-hole down to the  dep th  of the  bone specim en in the 
p lastic. The drill-hole did n o t con tac t the  bone, nor w as it w ith in  any  region 
m easu red  e ither by u ltra so u n d  or DXA. The therm ostatically  controlled room
w as w ithin l^C  of 21*^C. Initially 3 m easu rem en ts  of U ltrasound  Velocity (UV) 
were recorded for each  specim en, a s  a  s ta rtin g  point a t  soft tissu e  th ick n ess  of 
12mm. The polyester w as th e n  m achined  off the an terio r surface of the 
specim en in 2m m  increm en ts  u s ing  a  bench  m ounted  power p lan er (Kress, 
W est Germany). The th ick n ess  w as confirm ed by rem easuring  w ith a  calliper. 
After each  reduction  in the  th ick n ess  of polyester, the  UV w as rem easu red  3 
tim es u sing  the  S ou n d scan  a t  the  m arked  m idpoint.
A nalysis w as m ade u sing  ANOVA to com pare m eans of UV a t each  polyester 
th ickness.
R esu lts
A significant re la tionsh ip  betw een “soft tissu e” th ickness  and  u ltra so u n d  
velocity w as encountered . This is show n along with a  best-fit line in fig. 6.5.
Ultrasound Velocity - effect of soft tissue 
thickness
= -36.691x2 + 426.65X + 3244.9 
Ff = 0.91445000
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Figure 6.5  U ltrasound  velocity p lotted again st th ickness of polyester on the  
facing surface of the  bovine u ln a  specim ens
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M easured UV tended  to increase  quite m arkedly  as  polyester th ickness  
decreased. Even the  in itia l 2m m  decrem en t h ad  a  large effect.
K ruskal-W allis ANOVA gave P<0.00001 w hen  all th icknesses  w ere com pared.
D iscu ssion
This is unexpected  an d  difficult to explain. This could rep resen t a  false positive 
finding. The correlation is  however, very strong  an d  is repea ted  in  each  
individual specim en. The m a n u fa e tu re r’s claim  m ay be m istaken , or th is  m odel 
m ay contain  a  system atic  error. It m ay be th a t  th e  in terface betw een th e  probe 
a rray  and  the p rim ary  m oulded surface of the  polyester w as som ehow  inferior 
to th e  interface w ith  th e  m ach ined  surface. It is possible th a t  even a  sm all 
deviation from a c tu a l soft tissu e  UV is sufficient to  cause  software errors. From  
the  design po in t of view, however, th e  UV in  soft tissu e  should  m ake no 
difference, as  it is negated  by th e  fact th a t  th e re  are  two receivers. It m ay be 
possible th a t, if UV in  th e  soft tissu e  is too high  or the soft tissu e  is exeessively 
thick, a  signal m ay reach  th e  firs t receiver d irect th ro u g h  soft tissu e  from  the  
transm itte r, an d  the  second receiver th ro u g h  bone an d  soft tissu e  as  norm al. 
This w ould overestim ate th e  tim e lag betw een first and  second receivers, and  
th u s  underestim ate  th e  UV in  bone. The fixed d istance betw een tran sm itte r and
first receiver is 65m m . The UV in  bone is typically 4000m s" 1. At a  soft tissu e  
th ickness  of 12mm, th e  UV in  soft tissu e  w ould need  to  be in  excess of 
2050m s" Ifor th is  phenom enon  to occur. This w ould ind icate quite a  large erro r 
in  estim ation  of UV in  polyester, an d  w ould n o t explain th e  continuing  tren d  
even a t th in n e r po lyester levels. It is  possible th a t  w ith  a  th in n e r layer of 
polyester the  m ore la tera l e lem ents of th e  cortical cylinder com e in to  range of 
th e  u ltra so u n d  signal. These w ould th e n  be acting  a s  "end on" ra th e r  th a n  "face 
on" an d  m ay p resen t a  veiy  m u ch  th icker cortical layer. If it is the  case th a t  
th ick n ess  of cortical bone is re la ted  to the  UV, th e n  th is  m ay also explain th e  
con tinued  increase  in  UV seen  w ith  a  th in n e r layer of "soft tissue". The sk in  
an d  su b eu tan eo u s  layer overlying th e  h u m a n  tib ia  is typically 5 to 15m m  in 
th ick n ess  a t  surgeiy . T his is a  perso n a l observation b u t  is n o t supported  by 
any  peer reviewed work. This ra ises  concerns ab o u t th e  ability of th e  device to 
elim inate the  effects of soft tissu e  th ickness.
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D e c a n c e ll is a t io n
One unresolved question  re la tes  to w h a t portion  of th e  specim en m easu red  
eon trib u tes  to th e  u ltra so u n d  velocity. Previous an im al s tu d ie s  have suggested  
th a t  th e  cortical bone is th e  fa s te s t rou te  of transm ission , b u t  one h a s  found 
th a t  th e  d irect rou te  acro ss cortical an d  cancellous bone is faster. None of th e se  
have exam ined longitudinal transm ission .
A im s
To a sse ss  w hether th e  bone deep to  th e  facing cortical su rface (ie cancellous 
bone and  the  far cortex) m ak es a  m easu rab le  con tribu tion  to th e  m axim um  
u ltra so u n d  tran sm issio n  velocity.
M ethod
In order to answ er th is  question , all th e  rem ain ing  em bedded specim ens were 
used . Using a  h an d  saw, (to m inim ise v ibration  an d  h e a t dam age), each  
specim en w as c u t in  h a lf  in  a  p lane  parallel to tlie facing surface. The 
cancellous bone w as th e n  rem oved by hand . B ecause of dam age to th e  surface 
interface, a  to ta l of 5 specim ens w ere suceessfu lly  p repared  in  th is  way.
The u ltra so u n d  velocity w as re-m easu red  th ree  tim es for each  specim en using  
the  S o u n d scan  on  th e  original facing surface, a t the  original m ark. This w as 
th e n  com pared to the  previous th ree  m easu re s  m ade a t th e  fin ish  of th e  soft 
tissu e  th ickness experim ent, u s in g  a  paired  t te s t an d  a  S pearm an  correlation.
R esu lts
The m ean  velocity of the  rem ain ing  5 specim ens w as 4 4 2 9 m /s  p rio r to 
decancellisation  and  4 4 0 6 m /s  im m ediately afterw ards. This h a d  a  S pearm an  
correlation of r  = 0.97. A paired  t  te s t showed tlia t th e re  w as no  significant 
difference betw een th e  two se ts  of m easu rem en ts  (P=0.29).
A sca tte rp lo t w ith  trend line  fig. 6 .6  is show n to illu stra te  th is.
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Whole vs. Halved and Decancellised Bovine 
Specimens
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Figure 6 .6  S catte r plot of u ltra so u n d  velocity of the bovine u ln a  specim ens 
before and  after decancellisation
D iscu ssion
In th is  sm all sam ple, decancellation  did no t system atically  change the  
m easu red  UV. This strongly suggests  th a t the bone deep to the  facing cortical 
surface does no t con tribu te  to the  m easu red  UV. The sm aller n u m b er of 
specim ens available is related  to the  difficulty of p reparation , an d  loss of 
integrity du ring  the  decancellation  process.
C onclusion
It m ay be concluded th a t the  su rface th ickness  of soft tissu e  can  have 
im portan t effects on m easu rem en t of u ltraso u n d  velocity, desp ite  the novel 
a rrangem en t of dep th  testing  u ltra so u n d  tran sd u ce rs . In particu la r, soft tissu e  
th ick n ess  of g reater th a n  6 m m  h a s  given m easu rem en ts  up  to 12% lower th a n  
expected. The clinical relevance of th is  is th a t individuals w ith obesity or 
oedem a m ay be categorised a t a  h igher risk  for osteoporosis th a n  is correct. In 
addition, change in w eight m ay have a  confounding effect on repeated
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m easu rem en ts  from th e  sam e individual. Finally, norm al values for popu la tions 
m ay require to be com pared for body m a ss  index before in terchangeab le use.
T hese prelim inary  findings suggest th a t  th e  m axim um  velocity of m easu red  
longitudinal u ltra so u n d  ti'ansm ission  in  a  long bone u sing  the  S oundS can  does 
n o t rely upo n  e ither the  cancellous bone, n o r upo n  the  cortical bone aw ay from 
th e  facing surface. This m ay be an  im po rtan t finding as  it would determ ine the  
a rea  of in te res t to be a  “p la te” of cortical bone 5cm  long, and  as  wide as  the  
bone being m easured , b u t  only a s  th ick  a s  the  cortical bone. This w ould be 
expected to affect p red ic tions regard ing  how  u ltra so u n d  tran sm issio n  velocity 
in  the  tib ia  m ight be  influenced by d isease an d  its  trea tm en t.
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Introduction
One of the  po ten tia l fea tu res  of u ltra so u n d  tran sm issio n  w hich m ay d istingu ish  
it  from  DXA BMD is th a t  changes to  arch itec tu re  a t  th e  H aversian  level of 
organisation  m ight influence u ltra so u n d  tran sm issio n  velocity independently  of 
th e  bone density. T here is som e evidence (Kann 1993, A m bardar 1976) to 
suggest th a t  a n  u ltra so u n d  wave tran sm itted  transverse  to the  long axis of the  
H aversian  system  will travel slower th a n  a  wave tran sm itted  longitudinally. 
This w ork w as perform ed in  m am m alian  bone specim ens. No s tu d y  ex ists in  
h u m a n s  to confirm  th is. B ecause of th e  obligatory 55m m  betw een the  paired  
receiving tran sd u ce rs  of th e  S oundscan , it w as n o t practicable  to sim ply 
m easu re  the  tib ia  of vo lun teers in  a  longitudinal an d  a  transverse  direction. In 
any  case, if we accep t th a t  a n  an im al m odel reflects behav iour in  h u m a n  tissue , 
th is  w ould only have show n th a t  longitudinal tran sm issio n  of u ltra so u n d  in  
cortical bone w as faste r th a n  transverse . While th is  is im p o rtan t in  in terp re ting  
resu lts , and  keeping erro r low by  m easu ring  in  only one axis, it show s the  
dependenee on d irection of transm ission , ra th e r  th a n  th e  effect of a  change in  
a rch itectu re. W hat I really w ished to do w as exam ine th e  effect of a rch itec tu ra l 
distortion  on velocity.
One m odel w ith  po ten tia l for th is  is frac tu re  healing. It could be proposed th a t  
a  healing  fractu re  w ould have d isto rtion  of a rch itectu re, an d  it  seem s likely th a t  
som e of th e  early frac tu re  s tu d ie s  w ith  UV did show  th is  effect (Anast 1958). It 
w as n o t th e ir in ten tion  to do so, and  the re su lts  m ay have been  
u nderin terp reted . It is seen, however, in  th e  h u m a n  s tu d ies  (C unningham  
1990), th a t even after clinical u n io n  th e  UV did n o t re tu rn  to norm al values. 
This could be in terp re ted  a s  th e  effect of abnorm al a rch itec tu re  due  to  th e  
presence of unrem odelled  woven bone. It is  now know n th a t  BMD declines 
rapidly  following frac tu re  an d  rem ain s  lower th a n  norm al long te rm  (Eyres an d  
K anis 1995). It m ay be th a t  th e  early  s tu d ies  w ere identifying th is  change w ith 
UV a s  well. It is likely th a t  a  rep ea t s tu d y  w ith th e  S o u n d scan  probe w ould no t 
im prove our knowledge, an d  w ould m ake the  sam e observations. It w ould n o t 
th e n  be possible to u se  th e  m odel to d iscrim inate  betw een changes caused  by 
a rch itec tu ra l d isto rtion  an d  p o s t trau m a tic  osteopenia.
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A practica l problem  is th a t  a s  s ta ted  previously, th e  m ajority  of d iaphyseal 
tibial frac tu res in  C en tra l Sheffield H ospital’s orthopaedic d ep artm en t are  
trea ted  by m edullary  nailing, an d  w ould therefore n o t be su itab le  for s tu d y  w ith  
u ltra so u n d  or BMD.
T here are  few d iseases of bone w here a rch itec tu ra l distortion  is  a s  m arked  and  
as  well docum ented  a s  Paget's d isease. This d isease is  charac terised  on 
rad iographic exam ination  by th ickened  cortical bone, an d  coarse, th ickened  
trab ecu la r m arkings. The gross pathological changes m a tch  th is, w ith  m arked  
cortical and  trab ecu la r expansion. One w ould expect, therefore th a t  th e  BMC 
an d  possibly BMD w ould be elevated. Histological exam ination  show s 
disordered  arch itec tu re  w ith  woven bone and  a  m osaic "warp and  weft" 
appearance  in place of the  highly organised H aversian system s. The behav iour 
of Pagetic bone is also different. It is p rone to s tre ss  fractu re  an d  deformity. 
T h u s a  n a tu ra l m odel ex ists in  w hich BMD, bone s tren g th  and  a rch itec tu re  are 
d iscordan t. The correlation for tUV betw een left and  righ t legs h a s  a lready  been  
d iscu ssed  (Leong 1997, Orgee 1996). If a n  individual were to suffer from  Paget's 
d isease of bone an d  have one affected and  one unaffected  tibia, th e n  an  
in te rn a l eontrol w ould ex ist an d  m eaningful com m ent could be m ade.
Subjects and M ethods
10 ju s t  su ch  individuals w ere identified in  the  m etabolic bone d iseases clinic. 
None h ad  any  o the r significant skeletal disease. E ach  w as interview ed during  
h is  or h e r norm al clinic v isit an d  gave consen t to have DXA an d  tUV 
m easu rem en ts  m ade. B ecause th e  s tu d y  design u sed  a n  in te rn a l control, it w as 
n o t felt necessary  to collect dem ographic d a ta  o ther th a n  age an d  sex, as 
an thropom orphic  varia tion  w ould n o t effect th e  analysis. E ach  p a tien t h ad  
m easu rem en t of th e  tUV of bo th  left an d  righ t tib ia  a t its  m idpo in t u s in g  th e  
S oundscan . E ach  p a tien t also h ad  m easu rem en t of the  DXA BM D/C of bo th  
th e  left and  the  righ t tib ia  from  th e  m idpoin t down to th e  ankle jo in t u s in g  the  
Q D R2000plus w ith  th e  m ethod  previously described. A nalysis of th e  DXA scan s  
w as m ade on th e  Hologic QDRIOOO as before.
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R esu lts
10 individuals were stud ied , 4  m ale and  6 female. The m ean  age w as 79.4 
years w ith a  range of 64 to 90  years. The left leg w as affected in 4 cases  an d  the  
righ t in the  rem ainder. No individual had  b ilateral d isease. There w as no 
h istory  of fractu re  in any  limb. The tim e since diagnosis of Paget's d isease  w as 
a t least 5 years.
The resu lts  in  te rm s of abso lu te  values are  show n in table 7.1.
The tUV for th e  norm al and  affected limb were analysed u sing  a  Wilcoxon te s t 
in view of the  unknow n norm ality  of d istribution . In o rder to allow graphic 
d isplay of the re su lts  for com parison, the re su lts  were expressed a s  a 
percentage of th e  norm al side. It can  be seen  in the  g raph  of m eans expressed  
in te rm s of percentage of the  norm al side (fig 7 .1 )that the  tUV w as substan tia lly  
and  significantly lower in th e  affected com pared to the unaffected leg. This is in 
c o n tra s t to th e  BMD, BMC and  Area w hich are all m arkedly  and  significantly 
elevated.
Normal
TOTAL
US(rn/s)
BMC(g)
BMD(g/cm)
AREA(cm2)
5.5cm
BMC
BMD
AREA
MEAN SD MEAN SD
3840 51.9 3228 73.9 p=0.0069
24.3 5.0 42.1 6.6 p=0.01
0.52 0.10 0.82 0.11 p=0.02
45.9 1.11 50.2 1.90 p=0.01
MEAN SD MEAN SD
6.14 14.4 12.98 27.4 p=0.012
0.77 0.45 1.10 0.39 p=0.028
20.24 5.43 25.10 8.0 p=0.0021
Table 7.1 C om paring the  m ean  values of m easu rem en ts  betw een the  Pagetic
an d  control lim bs
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P a g e t 's  vs NonPaget' s
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Figure 7.1 C om paring Pagetic an d  control lim bs, w ith m ean re su lts  
expressed a s  a  percentage of norm al
D iscu ssion
The m arked  difference in  area , BMC and  BMD is readily explained w ith 
reference to the  know n a rch itec tu ra l featu res of Paget’s d isease. E xpansion of 
the  bone, increase in  cortical th ickness , and  increase in  trab ecu la r th ick n ess  
will all contribute. In fact, the  BMC is d isproportionately  g reater th a n  the  area, 
and  th u s  BMD is also g rea ter th a n  in  the  norm al limb. It m ay be th a t the 
d isproportion a rises  becau se  the  a rea  only rises a s  a  square , w hilst the  BMC is 
related  to the  volum e of the  bone an d  rises  as  a  cube.
UV can  also be explained in te rm s of a rch itec tu ra l features. The d isorganisation  
of osteons in the  H aversian  system  is a  feature th o u g h t to reduce UV. 
M icrofractures, should  they exist, could d is tu rb  ro u tes  of u ltra so u n d  
transm ission  and  lead to lower velocities. None of these  su b jec ts  had  
radiographic evidence of fractu re, nor a  h istory  of fracture.
Paradoxically, a lthough  it m ay be expected th a t increased  bone m ineral or 
increased  cortical th ickness  w ould con tribu te  to a  h igher UV, th is  did not tu rn  
o u t to be the  case.
C onclusion
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This h a s  dem onstra ted  a  m odel of d iseased  bone, w here tlie s tru c tu ra l 
p roperties are  d im inished  due  to abnorm al m icroarch itectu re. The BMD is 
m arkedly  raised , ye t desp ite  th is  the  bone rem ains p rone to frac tu re  and  
deformity. TUV is m arkedly  reduced  in  th e  affected limb. The tUV concords w ith 
th e  fragility.
It m ay be concluded th a t  a  sim ple increase  in  bone m ineral h a s  a  lesser effect 
on UV th a n  does altered  m icroarchitecture.
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Introduction
One of th e  key functions of skeletal a sse ssm en t is to a sse ss  changes in  bone in 
response  to bo th  d isease and  trea tm en t. Two s tu d ies  (Eyres 1995, K annus 
1994) have show n tlia t fractu re  of the tib ia  in  ad u lts  is followed by  a  
su b s ta n tia l and  p e rm an en t reduction  in  BMD m easu red  by DXA. A pa ir of 
S candanav ian  stud ies, (K annus 1992, Leppala 1999), have dem onstra ted  th e  
deleterious effects of A nterior C ruciate Ligam ent (ACL) ru p tu re  on BMD of th e  
tib ia  u sing  DXA. A fu rth e r s tu d y  of th e  response  of th e  tib ia  to su rg ical 
osteotom y (Karlsson 2000) h a s  provided po st hoc su p p o rt for the  concept th a t  
surg ical in jury  will also lead to reduction  in  tibial bone density . Therefore, bo th  
bone in ju ry  an d  soft tissu e  in ju ry  m ay provide a  m odel w ith  w hich to exam ine 
th e  sensitivity  of tUV to p o s t-trau m atic  osteopenia. The fact th a t  the re  are 
n e ith e r differences in  tUV betw een left an d  right, n o r betw een d om inan t an d  
n o n -dom inan t legs m ean s th a t  the  un -in ju red  limb m ay be  u sed  in  each  case 
as  an  in te rn a l control (Orgee 1996, Leong 1997).
It w as hoped  th a t  th e  exam ination  of a  skeletal in ju ry  and  a  soft tissu e  in ju iy  
w ould provide a  m odel w ith  m arked  changes and  a  m odel w ith  m ore m inor 
changes, and  th u s  som e com m ent on th e  sensitivity  of tUV to osteopenia 
following injury.
Total Knee R eplacem ent A rth rop lasty  (TKR) w as u sed  as  a  m odel of frac tu re  for 
a  n u m b er of reasons. The m ajority  of tib ial frac tu res in  ad u lts  occur in  young 
m ales due to violent injury. T hese are  individuals who are  of w orking age, and  
often default from follow u p  a t th e  earliest opportunity , m aking  rec ru itm en t 
difficult.. The location of the  frac tu res is largely aro u n d  th e  m id -shaft of th e  
bone, or ju s t  d ista l to it, an d  th e  severity is highly variable. This leads to a  site 
of locally d isordered  skeletal arch itectu re . The aim  of th is  p a r t  of the  s tu d y  w as 
no t to a sse ss  the  effects of s tru c tu ra l o rgan isation  - w hich will be addressed  
elsew here - b u t  to look a t  a  m odel of rap id  onse t osteopenia. In any  case, the 
m ajority  of su ch  frac tu res  trea ted  in  the  C entral Sheffield H ospitals a t the  tim e 
of th is  s tu d y  were stab ilised  by  in tram edu llary  nailing. The presence of a  steel
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rod in  the  m edulla  of th e  bone w ould, unfortunately , m ake in terp re ta tion  of 
re su lts  difficult.
Total Knee R eplacem ent A rth rop lasty  involves osteotom y of th e  proxim al tib ia  
using  a  saw. The fractu re  therefore, is s tan d ard ised  an d  controlled in te rm s of 
th e  location and  of th e  energy of injury. The age group of p a tien ts  is u sually  
associated  w ith  retirem ent, an d  b ecau se  a n n u a l follow up  in  clinic is th e  
n o n n a l practice, it is ra th e r  easie r to rec ru it these  individuals.
Those individuals w ith  ACL in ju ries  w ere all aw aiting surgery  for confirm ed 
sym ptom atic ligam ent ru p tu re s . The w ork of K annus an d  Leppala suggests th a t 
a  reliable reduction  in  BMD shou ld  be identifiable. U ltrasound  h a s  n o t 
previously been  u sed  to a sse ss  th is  in ju ry  group. The in jury  in  th is  case  is  a  
soft tissu e  in ju ry  an d  one m igh t hypothesise  th a t  it shou ld  therefore cau se  a  
less severe change in  bone m ineral density.
M ethods
All p a tien ts  w ho h ad  h ad  u n ila te ra l TKR for osteoarth ritis  betw een 1 an d  2 
years  p rio r to th is  s tu d y  w ere identified from th e  operation  files in  the  
O rthopaedic d ep artm en t of th e  Royal H allam shire Hospital. B oth m ales and  
fem ales w ere considered  eligible. 50 individuals w ere identified. All were 
con tacted  by a  le tte r of invitation  th ro u g h  the ir O rthopaedic consu ltan t, and  
invited to a tten d  for skeletal assessm en t. 13 vo lun teers responded  th a t  they 
w ould a ttend . E ach  of th e se  w as first interviewed, an d  gave inform ed co n sen t,. 
All individuals aw aiting a  surg ical repa ir for a  sym ptom atic ACL in jury  were 
identified from  th e  O rthopaedic d ep artm en t's  w aiting list. B oth m ales and  
fem ales w ere eligible. Again, only u n ila te ra l in jury  w as eligible. 50 individuals 
w ere identified, an d  w ere con tacted  by le tter of invitation th rough  th e ir  
consu ltan t. 13 w ere willing to a tten d  for skeletal a ssessm en t. These w ere all 
interview ed an d  gave inform ed consent. Clinical inform ation w as collected 
regard ing  age, sex, side of operation, da te  of operation an d  da te  of exam ination. 
W eight w as m easu red  on a  balance scale and  heigh t u sing  a  H arpenden  
stadiom eter. The tUV of b o th  tib ias  w as m easu red  u sing  th e  m ethod previously 
described w ith  the  S o u n d scan  probe. The DXA BMD w as m easu red  for each
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tib ia  using  the sam e m ethod a s  initially tested  in the  reproducibility  study, 
u sing  the  Hologic Q D R 2000plus w ith in ternal ro tation  of 45^. The analysis w as 
perform ed on the  Hologic QDRIOOO u sin g  the  appropria te  software. The a rea  of 
5cm  dista l to the  m idpoin t w as analysed  a s  the region of in te rest to allow 
com parison  of the  m atched  site  for u ltraso u n d . The response  ra te  to invitation 
w as poor, b u t did no t a lte r the d iagnostic categories them selves. To som e ex ten t 
it reflects public w illingness to take  p a r t in research  if it is no t convenient to 
them  and  no direct benefit is perceived. It is not likely to be related  to d isease 
severity, as  a  sim ilar proportion  of young and  old invitees a ttended
S k eleta l Injury Model 
R esu lts
D em ographic an d  m orphom etric d a ta  are  reviewed in the  tab le 8.1. C orrelations 
betw een weight, height, BMD and  UV are  show n (table 8.2) for those w ith TKR. 
Using d a ta  from bo th  those  sub jec ts  w ith ACL ru p tu re  an d  w ith TKR, age is 
plotted aga in st tUV and  BMD for the  un in ju red  lim bs in figures 8.1 and  8.2. 
B ecause those w ith TKR were older and  predom inantly  female, it is not 
appropria te  to m ake a  s ta tis tica l com parison  directly betw een the TKR group 
and  the  ACL group for basic  m orphom etric data.
76.00
174.23 157.46
78.15 78.31
2;11
8;5
Table 8.1 D em ographic d a ta  for su b jec ts  w ith knee rep lacem ent or cruciate  
ligam ent in jury
However, it is w orth s ta tin g  th a t those  sub jects  w ith ACL ru p tu re  were ta ller 
and  heavier th a n  those w ith TKR, and  w ere p redom inantly  m ale. The difference
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of gender mix m ay su b stan tia lly  affect analysis of pooled resu lts , and  w here 
these  are show n cau tion  m u s t be used  in  in terpreta tion .
W ithin the TKR group, m oderate  correlation ex ists betw een height, w eight and  
tUV. BMD correlates m odestly  w ith weight, b u t only poorly w ith  height or tUV.
1 ♦0.585 ♦-0.696 0.246 ♦0.621
♦0.585 1 ♦-0.711 ♦0.685 ♦0.603
♦-0.696 ♦-0.711 1 -0.199 ♦-0.627
0.246 ♦0.685 -0.199 1 0.377
♦0.621 ♦0.603 ♦-0.627 0.377 1
Table 8 .2  C orrelations betw een densitom etry  and  an th ropom orphic 
m easu re s  in sub jec ts  w ith  knee rep lacem ent (* P<0.05)
UV vs Age
y = -0.2571x2 + 25.241 X + 3520.7
R2 = 0.34824600
4400
I  4200
5  4000 
Ô
■5 3800 
3600
3400
90 11030 50 7010
Age (years)
Figure 8.1 S ca tte r plot to dem onstra te  variation in th e  tUV w ith age for all 
su b jec ts  in th is  section of the  s tudy  (P=0.036)
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BMD vs Age
y = 9E-07x2 - 0.0136x + 2.3065 
FF = 0.49232.9
2.4
E
âoSm
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Figure 8.2 S ca tte r plot to d em o n stra te  the  variation in BMD of the  tib ia w ith 
age for all su b jec ts  in  th is  section of the  s tu d y  (P=0.001)
The sca tte r  plot Fig 8.1 show s all tUV resu lts  plotted aga in st age, and  Fig 8.2 
show s all BMD resu lts  ag a in st age.
The quad ra tic  regression lines are  show n. In each  case there  ap p ea rs  to be a 
strong  inverse rela tionship . This could ju s t  be a s  a  re su lt of the  uneven  m ale to 
female age d istribu tion . Both m e asu re s  behave similarly.
3947 .9m s 1 0.862gcm-2
3862 .4m s 1 0.941 gem 2
85 .5m s 1 -0.079gcm  2
2.17 -9.16
0.37 -0.31
p=0.18 p=0.38
Table 8 .3  Com paring th e  operated  an d  non-operated  lim bs (m ean values) 
BMD and  tUV in  su b jec ts  w ith knee replacem ent.
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The first com parative analy sis  w as of th e  m eans of tUV and  BMD for the 
in jured  and  u n in ju red  lim bs. In view of the sm all n u m b ers  and  unknow n 
norm ality  of d istribu tion , a  W ilcoxon non-param etric  te s t w as perform ed.
The differences betw een lim bs in  the  popula tion  w ith TKR were non significant. 
(Table 8.3) This m ay rep resen t a  type I error.
Figure 8.3 S catte r plot com paring tUV for the  operated  an d  non-operated  
lim bs in  sub jec ts  w ith knee rep lacem ent (P=0.027)
UV Noninjured vs Injured
Ff = 0.3716
4400
_  4200 
^  4000 
1 3800
3600
Ô 3400
>  3200
3000
4000 46003600 3800 4200 44003400
Velocity Noninjured (m /s)
BM D N oninjured v s Injured
R2 = 0 .0 0 1 1
DO 0.4
0.6 0.8 1 1.2 
BM D Non Injured (g/cm  2)
Figure 8 .4  S catte r plot com paring BMD of the  tib ia for th e  operated  and  n o n ­
operated  lim bs in su b jec ts  w ith knee rep lacem ent (P=0.873)
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While the  u ltra so u n d  velocities for TKR an d  non-TKR lim bs w ere of fair 
correlation, the  BMD for paired lim bs w as effectively random . In sm all sam ple 
s tu d ie s  th is  observation could be explained by chance. It m ay be th a t BMD of 
the  d iaphysis is no t affected in  a  predictable way by knee replacem ent. If the  
findings w ere correct, th e n  it could be postu la ted  th a t post in ju ry  soft tissu e  
changes su ch  a s  oedem a, m ay be affecting m easu red  UV.
Soft T issue Injury Model 
R esu lts
D em ographic d a ta  have been  reviewed in table 8.1. C orrelations betw een 
w eight, height, BMD and  UV are tab u la ted  in table 8.4.
1 *0.799 *-0.561 0.045 0.004
*0.799 1 -0.261 0.021 0.078
*-0.561 -0.261 1 -0.034 0.112
0.045 0.021 -0.034 1 0.232
0.004 0.078 0.112 0.232 1
Table 8 .4  C orrelations betw een densitom etry  and  m orphom etric m easu re s  in 
sub jec ts  w ith crucia te  ligam ent in jury  (*P<0.05)
The correlation betw een height and  w eight is m oderately strong. N either BMD 
nor tUV correlate a t all well w ith age, height or weight. The correlation betw een 
BMD and  tUV w as also very poor.
The first com parative ana ly sis  w as of the  m eans of tUV an d  BMD for the 
in jured  and  un in ju red  lim bs. In view of the sm all n u m b ers  and  unknow n 
norm ality  of d istribu tion , a  Wilcoxon non-param etric  te s t w as used . The 
differences betw een affected and  unaffected lim bs were no t significant. This 
could be type I error.
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4 0 3 2 .2m s-1 1.428gcm-2
4 0 0 1 .8m s 1 1.424gcm  2
30 .4m s 1 0.005gcm  2
0.75 0.33
0 .28 0.017
p = 0 .I9 p=0.92
Table 8 .5  C om paring th e  in ju red  an d  non-in jured  lim bs (m ean values) BMD 
and  tUV in su b jec ts  w ith crucia te  ligam ent injury
TUV Injury vs Non Injury
Ff = 0.46184300
M 4200 
% 41003'c 4000
3  3900
3800
3850 3900 3950 4000 4050 4100 4150
TUV Non Injury (m/s)
Figure 8 .5  S ca tte r plot com paring  tUV for the  in jured  and  non-in ju red  lim bs 
in su b jec ts  w ith crucia te  ligam ent in ju iy  (P=0.01)
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BMD Injury vs Non Injury
RP = 0.6541
2.2CMI
3
C
CozosCD 0.7
0.7 0.9 1.3 1.9 2.11.1 1.5 1.7
BMD Injury (g/cm2)
Figure 8 .6  S ca tte r p lo t com paring BMD of the tib ia for the  in jured  and  n o n ­
in jured  lim bs in  sub jec ts  w ith cruc ia te  ligam ent in jury  (P=0.001)
S k eleta l and Soft T issue Injury - Com bined A nalysis
In o rder to com pare the  severity of osteopenia following a  soft tissu e  as  
com pared to a  skeletal injury, tUV an d  BMD were considered separately. BMD 
w as plotted for in jured  and  u n in ju red  lim bs in sub jec ts  w ith TKR and  w ith ACL 
ru p tu re . This com parison is displayed in  figure 8.7. It can  be seen  th a t there  is 
a  highly significant tren d  tow ards lower values of BMD in th e  TKR sub jects 
com pared to the ACL sub jec ts  (p=0.0015 Wilcoxon). There is no significant 
difference however, betw een in ju red  and  un in ju red  limbs.
The Scime com parison  h a s  been  perform ed for tUV in figure 8.8. The re su lts  for 
BMD are m irrored by a  non-significant trend  tow ards lower UV values in TKR 
sub jec ts  com pared to ACL su b jec ts  (p=0.22 Wilcoxon). Relatively, the re  is a 
m ore m arked, although  still nonsignificant, difference in UV th a n  in  BMD for 
bo th  groups betw een the  in ju red  an d  non in ju red  limbs. BMD does no t differ in 
the  in ju red  and  u n in ju red  limb in the  ACL group. Paradoxically, in  the  TKR 
group, there is an  ap paren tly  h igher BMD in the  in jured  limb. W ith the  sam ple 
size available, it shou ld  be considered  th a t no affect of in jury  could be 
d em onstra ted  for e ither bone or soft tissu e  models.
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Means of BMD for Injured and Noninjured 
Limbs
H Noninjury Mean 
□  Injury Mean
BMD ACL BMD TKR
Figure 8.7  G raph dem onstra ting  relative effect of ACL and  of TKR on BMD, 
betw een affected and  control lim bs
Means of UV for Injured and Noninjured Limbs
4050
4000
I  3950
^ 3900 Ûi  3850 
3800 
3750
ii Non Injury Mean 
□ Injury Mean
UV ACL UVTKR
Figure 8.8  G raph dem onstra ting  relative effect of ACL and  of TKR on tUV, 
betw een affected and  control lim bs
In o rder to com pare the  sensitivity  of tUV and  BMD, bo th  w ere expressed  in 
te rm s of percentage of th e  norm al resu lt. This allows a  qualitative, b u t no t a 
sta tis tica l, com parison  (Fig 8.9).
T hese re su lts  are  graphically  displayed, b u t are of un ce rta in  value bearing  in 
m ind the relatively sm all sam ple.
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Means of UV and BMD expressed as a 
Percentage of Noninjured
y  105
» 100
H Noninjury Mean 
□  Injury Mean
UV ACL UVTKR BMD ACL BMD TKR
Figure 8.9  G raph  com paring  relative effects of bone an d  soft tissu e  in ju ries 
on BMD and  UV of the  tibia, the  difference in b a r  height rep resen ts  the  effect 
size.
C onclusion
It w as hypothesised  th a t UV is able to detect a  difference due  to in jury  w hich 
d isp lays a  dose-response pa tte rn ; being g reater for a  bony th a n  for a  soft tissu e  
injury. This w as no t dem onstra ted , n e ith e r for UV nor for BMD. T here w ere 
non significant tren d s  in UV m easu res, and  it is possible th a t a  larger sam ple 
m ay lead to significant findings. BMD m ay not differ betw een in jured  and  
u n in ju red  lim bs in the  d iaphysis of the  bone. Previous s tu d ie s  have exam ined 
BMD a t th e  m etaphysis  of th e  tibia. C ancellous bone a t the  m etaphysis w ould 
be expected to have a  h igher tu rnover rate , and  th is  m ay explain the  previous 
observations no t being reproduced. In osteoarth ritic  p a tien ts , there  m ay be an  
increase in BMD a s  p a rt of an  o steoarth ritic  process. A lternatively, it m ay be 
th a t w eight bearing  is increased  after an  operation w hich aim s to relieve pain  
an d  correct limb alignm ent.
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Introduction
The previous ch ap te rs  have exam ined the  effects of localised d isease of a  single 
tibia. This h a s  proven to be a  usefu l techn ique because  of th e  control limb. 
There are, however, d isease  s ta te s  of p a rticu la r in te re s t b ecau se  of th e ir 
system ie effects on th e  skeleton. Speeifieally, these  are  osteoporosis secondary  
to parathyro id  horm one excess, an d  osteoporosis secondary  to  corticosteroid 
exposure. P arathyro id  horm one (PTH) excess is typieally due to e ither prim ary  
d isease of the  para thy ro id  g lands (hyperplasia, benign  adenom a or m a lignan t 
neoplasia), o r th e  physiological response  of the  para thyro id  g lands to  abno rm al 
se ru m  caleium  an d  p h o sp h a te  levels (commonly in  ren a l im pairm ent). This 
secondary  phenom enon  is com plicated by term inology. W hen th e  se ru m  levels 
of PTH are raised, b u t  responsive to se ru m  calcium  levels, an d  a  norm al se ru m  
calcium  level is m a in ta ined , th e  te rm  Secondary H yperparathyroid ism  is used . 
W hen the  se ru m  levels of PTH are  ra ised  (and relatively unresponsive) b u t  a  
high se ru m  calcium  level is m ain ta ined , th e  te rm  T ertia iy  H yperparathyro id ism  
is used .
The cau sa tio n  of osteoporosis by  each  d isease will be d iscussed  in  the 
appropria te  following seetion.
B ecause th ese  are system ic d iseases, the re  is no norm al limb in  each  su b jec t to 
allow com parison  of no rm al an d  affected limbs. The analysis m ay be  m ade, 
however, w ith  reference to th e  no rm al popula tion  d a ta  d iscu ssed  in ch ap te r 10. 
The two possib ilities for th is  ap p roach  are  th ro u g h  a  c a se /co n tro l m ethodology 
or by  using  th e  derived q u ad ra tic  regression  equation  for th e  norm al values and  
expressing  the  su b jec t popu la tion  values in  s tan d a rd  deviation u n its  a s  a  Z 
score. In view of th e  size of th e  no rm al d a tab ase , it w as felt th a t  it w ould be 
reasonab le  to derive reg ression  equations. In addition, th is  techn ique allows the  
com parison  of u ltra so u n d  an d  o ther densitom etric m ethods. The regression  
equations for m ale an d  fem ale no rm al d a ta  (and th e  equations for th e  m atch ing  
SD) were calcu la ted  u s in g  th e  q u ad ra tic  regression  function  on  the  s ta tis tic s  
program  (SPSS, Chicago). For each  su b jec t stud ied , it w as possible to calcu la te 
th e  pred icted  m ean  for age an d  SD. This allows sim ple calcu la tion  of Z score by 
th e  form ula :
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z  score =
{Siibjectvalue ~ PredictedMEANvalue)
(PredictedMEANvalue -  predicted SD value)
It w as in tended  th a t  th is  section  would, a t  least, te s t th e  hypo thesis th a t tUV is 
sensitive to th e  changes cau sed  by  th e se  system ic d iseases. As each  d isease 
provides a  m odel for a  different type of histological osteoporosis, an d  therefore 
different a rch itec tu ra l changes, it is  hypothesised  th a t  differences in  tUV and  
BMD betw een different d isease  s ta te s  exists.
H yperparathyroidism , A M odel o f  O steoporosis
In m ild p rim aiy  H yperparathyroidism , it h a s  been  show n by  D em pster (1999) 
th a t  cancellous bone volum e an d  its  rem odelling ra te  are  g rea ter th a n  in 
no rm al or osteoporotic control sub jects. This w as dem o n stra ted  u sin g  iliac 
c res t bone biopsy w ith  double-labelled  h istom orphom etiy  from  19 su b jec ts  who 
w ere m ildly hyperparathyro id . P arisien  (1990) found sim ilar preservation  of 
cancellous bone volum e an d  a rch itec tu re  in  10 m ales an d  17 females. D espite 
th is, it w as also found th a t  cortical bone th ickness  w as reduced , w ith  increased  
endostea l porosity. O ther rep o rts  have concurred  th a t  H yperparathyro id ism  is 
associa ted  w ith  high bone tu rn o v er an d  increased  porosity  of cortical bone 
(Silverberg1989).
If tUV w ere to  reflect in  any  significant w ay the  s ta tu s  of cancellous bone, it 
w ould be expected th a t  m  hyperpara thyro id  s ta tes , velocity shou ld  be 
m ain ta ined  o r even increased . If tUV is relatively m ore dep en d en t on cortical 
bone (as predicted), th e n  we m ay expect a  decrease in  velocity. In addition  to 
th is, it w ould be u sefu l to have an  absorp tiom etric  m easu re  for com parison. 
BMD of the  hip  is m ade a t  a  site  w here th e  skeleton  is p redom inan tly  com posed 
of cancellous bone, an d  w here cancellous bone com prises 70% of the  u ltim ate  
s tren g th  (Lotz 1995). It m ay be hypo thesised  th a t  th e  m odel of 
H yperparathyroid  s ta te s  will be  reflected in  different, an d  p e rh ap s  opposing.
113
w ays by  tUV an d  BMD of th e  hip. O ther absorp tiom etric  sites su ch  as  d is ta l 
rad iu s  m ay con tain  u p  to 90%  cortical bone (W ishart 1990) an d  w ould no t 
therefore be  su itab le  to te s t  for a  divergence of behav iour betw een 
absorp tiom etry  and  UV in  H yperparathyro id  sta tes .
Primary H yperparathyroidism  
Subjects and M ethods
W ith prior eth ical com m ittee approval, an d  inform ed consent, 16 female 
su b jec ts  w ith  prim ary  H yperparathyro id ism  w ere recru ited . 7 w ere a ssessed  as 
being likely to benefit from  surgery, while 9 h ad  asym ptom atic  d isease. Those 
w ith  operable d isease h a d  th e ir skeletsd a ssessm en ts  m ade d u ring  th e ir 
hosp ita l stay  for P arathyro id  surgery. Those w ith  asym ptom atic  d isease h ad  
been  identified from  se ru m  PTH m easu rem en ts  of asym ptom atic  vo lun teers 
w ho h ad  consen ted  to take  p a r t in  an  ethically approved osteoporosis 
prevention study. The sam e skeletal a ssessm en ts  w ere m ade for all subjects, 
b u t  w ere m ade on  an  o u tp a tien t b a s is  for the  asym ptom atic group.
All sub jects  h ad  given co n sen t for th e  m easu rem en ts  to be  m ade.
All su b jec ts  h ad  m e asu rem en t of w eight u s ing  a  ba lance scale an d  of heigh t 
u sing  a  H arpenden  stad iom eter. The serum  PTH level w as noted. Skeletal 
a ssessm en ts  were tUV of the  n o n -dom inan t tib ia w ith  th e  S oundscan , an d  DXA 
BMD of th e  no n -d o m in an t proxim al fem ur u sing  the  QDR4500 (which h a s  
pu rpose  designed softw are for analysis of hip BMD, an d  h a s  a  fas te r scan  tim e 
th a n  its  p redecessing  models).
Primary Hyperparathyroid  
R esu lts
It is clear th a t  p rim aiy  hyperparathyro id  d isease affects a n  ageing population . 
The m ean  age overall w as in  th e  m id seventies. It is also a p p a re n t th a t  those  
w ith  asym ptom atic d isease w ere on average 15 years  older th a n  those  w ith  
sym ptom s.
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■ 7 6 7 .2 3 7 1 1 .5 0 .6 4 0 -1 .4 8 -1 .6 2
9 8 2 .3 3 5 3 1 .7 0 .6 5 7 -1 .9 7 -0 .9 5
16 7 6 .5 3 6 1 6 .2 0 .6 4 8 -1 .6 6 -1 .2 2
P= 0 .0 0 1 0 .3 3 0 .8 0 .7 8 0 .0 6
Table 9.1 S u m m arises th e  re su lts  for all su b jec ts  w ith prim ary 
hyperparathyro id ism
Both BMD a t the  hip an d  tUV are  lower th a n  norm al values both  for the  
sym ptom atic and  the  asym ptom atic  sub jects. The m ean  Z scores for bo th  UV 
and  hip BMD are  su b stan tia lly  lower th a n  predicted from the  norm al values 
(see C hap ter 10). Z score for tUV is non  significantly lower th a n  for h ip  BMD 
(Wilcoxon P= 0 .10). It w as no t the  in ten tion  to m ake com parisons betw een 
sym ptom atic an d  asym ptom atic  s ta te s , a s  th is  w ould no t directly te s t 
hypotheses rela ting  to UV m easu rem en t. It can  be seen  from fig. 9.1 th a t only 
th ree  individuals had  a  Z score for hip BMD greater th a n  zero and  only one 
individual had  a  Z score for UV g reater th a n  zero. This seem s to confirm  the 
hypothesis th a t tUV will be sensitive to skeletal changes induced  by prim ary  
hyperparathyro id ism . This also confirm s observations th a t BMD m easu rem en ts  
are  sensitive to skeletal changes in hyperparathyro id  s ta tes .
z score HipBMO vs tUV
#
0 _
y = 0.2644X - 1.249£ 
FF = 0.0116
Figure 9.1 S ca tte r plot of BMD a t  th e  hip against tUV (both expressed  a s  Z 
scores), in su b jec ts  w ith prim ary  hyperparathyro id ism  (P=0.62)
This g raph  u se s  Z scores to com pare the  tUV w ith h ip  BMD in the  prim ary 
hyperparathyro id  popu la tion  sam ple. It can  be seen  th a t the re  is no usefu l 
correlation. is very close to zero, suggesting a  tru ly  random  relationship . 
T his reinforces th e  hypothesis th a t UV is no t a m easu re  of or su rrogate  for 
BMD a t the hip.
Renal H yperparathyroidism  
Subjects and m eth od s
Those p a ten ts  w ith renal H yperparathyro id ism  were all identified an d  invited by 
the  Sheffield Kidney In s titu te  an d  its  dialysis unit. All w ere stab le  and  
d ependen t on regu lar haem odialysis. A lthough a  to tal of 60  pa tien ts  were 
recru ited , these fell into 2 d is tin c t groups. 10 individuals w ere selected to form 
a  g roup of special in terest, in w hich all sub jec ts  had  extrem e high serum  PTH 
levels (>1000pg/l, local range 15-68pg/l). The rem ainder h ad  m ore m odestly 
raised  PTH (up to lOOOpg/1).
All sub jec ts  had  given co n sen t for the  m easu rem en ts  to be m ade.
All su b jec ts  had  m easu rem en t of w eight using  a  balance scale an d  of height 
using  a  H arpenden  stad iom eter. The serum  PTH level w as noted. Skeletal
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asse ssm en ts  were tUV of th e  non -dom inan t tib ia w ith the  S oundscan , and  DXA 
BMD of the  non -dom inan t proxim al fem ur using  the  Hologic QDR4500. Initial 
com parison  w as m ade betw een the  extrem e an d  m oderate groups.
R enal H yperparathyroid d isease  
R esu lts
3828.2
SD
M ean 31 595 .4  52 .9  3787.7  0 .83  -2.03
SD
696.4  13.5 313.2  0 .16  2 .40
0 .87  0 .42  0 .57
645 .3  12.1 227 .9  0 .15  2 .13
0.51 0 .17
1.18
-1.23
0.91
0 .47
Table 9 .2  Sum m ary  of d a ta  for sub jec ts  w ith renal hyperparathyro id ism
Table 9.2 show s sum m ary  d a ta  com paring all m ales w ith to all fem ales w ith 
raised  PTH as  a  re su lt of rena l d isease. It can  be seen  th a t there  is an  equal 
prevalence in m ales and  fem ales. The m ajority of su b jec ts  are  in th e  5*^  o r 6 ‘*‘ 
decades. M ales an d  fem ales are  well m atched  for age. The m ean  PTH m easu red  
w as over 500 pg/1, b u t th e re  w as a  wide spread , w ith large s ta n d a rd  deviations. 
The m ean  tUV w as, surprisingly , h igher for fem ales th a n  for m ales, a lthough  
th is  w as no t sta tistically  significant. The Z scores for tUV indicate th a t  in  bo th  
m ales and  fem ales, the  tUV w as less th a n  th e  expected age m atched  m ean. The 
m ales had  a  non significantly h igher BMD a t the  hip th a n  the  females. The Z 
scores for hip BMD show  th a t bo th  m ale and  female su b jec ts  are  well below the  
expected age m atched  m ean. It ap p ea rs  th a t renal hyperparathyro id  d isease 
h a s  sim ilar effects on bone in  bo th  m ales and  fem ales, and  th a t th is  is 
detectab le w ith bo th  BMD a t the  hip, an d  tUV. F u rth e r analysis trea ts  m ales 
sep ara te  from fem ales in order to allow m eaningful com parison  of relative 
effects of d isease  on BMD and  tUV. For fem ales the  m ean  Z score for tUV w as -  
1.20 an d  for hip BMD -1 .0 4  (P=0.66 Wilcoxon). For m ales the  m ean  Z score for
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tUV w as -2 .0 3  and  for h ip  BMD -1 .2 3  (P=0.043 Wilcoxon). This is suggestive 
th a t in m ales a t least, the re  m ay be g reater sensitivity to para thyro id  related  
changes in TUV com pared to h ip  BMD.
To look for a  d o se /re sp o n se  rela tionsh ip , com parison w as m ade of those w ith 
very high PTH (>1000) to the  rem ainder.
Age tUV
Feinale
PtlKlCKX)
Female
Pth>l()()()
HipBMD
1 Mean 22 214 51.9 3882.2 0.83
SD 234 13.8 292.1 0.15
Mean 7 1683 45.1 3666.0 0.72
SD 400 11.9 340.7 0.17
0.00002 0.22 0.166 0.15
Table 9 .3  C om paring fem ales w ith high an d  low PTH
Table 9.3  show s com parative d a ta  for fem ales w ith PTH m easu red  over 1000 
and  u n d e r 1000 pg/1. It can  be seen  th a t those w ith the h ighest PTH m easu re s  
were younger, a lthough  no t significantly so. A lthough bo th  tUV and  hip BMD 
were lower in  the  high PTH group th a n  in the  low PTH group (by 5.7%  and  
13.2% respectively) th is  did no t achieve significance w ith M ann-W hitney U test. 
(P=0.16 and  P = 0 .15 respectively).
Mean 23 257.2 52.8 3826.9 0.85
SD 263.6 13.3 228.5 0.16
Mean 8 1568.0 53.3 3675.1 0.78
SD 330.5 8.4 197.1 0.15
0.000001 0.9 0.09 0.3
Table 9 .4  Com paring m ales w ith high and  low PTH
Table 9 .4  show s com parative d a ta  for m aies w ith PTH m easu red  over 1000 and  
u n d e r 1000 pg/1. It can  be seen  th a t those  w ith the h ighest PTH m easu re s  were 
of sim ilar age. A lthough bo th  tUV an d  hip BMD w ere lower in  the  high PTH 
group th a n  in the  low PTH group (by 3.9%  and  8.2%  respectively) th is  did not 
achieve significance w ith  M ann-W hitney U test. (P=0.09 and  P=0.30 
respectively).
Z score comparison,Renal PTH Subjects
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Figure 9.2  Relative effect size of PTH level on BMD and  tUV (expressed a s  Z 
score)
This graph  allows com parison  of th e  “dose response” effect of PTH level on bo th  
tUV an d  hip BMD. All m e asu re s  have been  expressed a s  Z scores, to allow 
relative effects to be assessed . The Z scores w ere calcu la ted  u sing  the local 
norm al d a tab ase  (see C h ap te r 10). There ap p ea rs  to be a  m arked  decrease in 
bo th  BMD and  tUV w ith an  increase in  PTH. In bo th  m ales an d  females, and  a t 
all levels, the  tUV ap p ea rs  to be m ore severely affected. M ean Z score for hip 
BMD in fem ales w ith high PTH w as -1 .8 3  and  in th e  rem ainder w as -0 .7 8  
(P=0.018). M ean Z score for TUV in  fem ales w ith high PTH w as -2 .6 0  and  in the  
rem ainder w as -0 .7 4  (P=0.17). M ean Z score for hip BMD in m ales w ith high 
PTH w as -1 .5 5  and  in the  rem ainder w as -1 .1 2  (P=0.4). M ean Z score for TUV 
in m ales w ith high PTH w as -3 .1 5  an d  in  the  rem ainder w as -1 .6 4  (P=0.21).
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PTH vs Zscore Hip BMD Renal
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Figure 9.3 S ca tte r plot to dem on stra te  the rela tionsh ip  of BMD Z score to 
PTH. (P=0.07)
PTH vs Z score tUV Renal
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Figure 9 .4  S ca tte r plot to d em o n stra te  the rela tionsh ip  of tUV Zscore to PTH. 
(P=0.002)
S ca tte r plot of Z score ag a in st PTH for both  BMD an d  tUV confirm s the 
observation th a t bone quality  is affected to a  relatively g rea ter degree a t h igher 
PTH levels.
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S ystem ic  C orticosteroid  Exposure as A Model o f  O steoporosis
It is c lear from  b o th  h u m a n  (D em pster 1983, Adlnoff 1983) s tu d ies  and  
observations (Toogood 1995), th a t  supra-physiological exposure to 
glucocorticoid steroid  horm ones cau ses  a  secondary  osteoporosis. This is 
associated  w ith  a n  inc reased  frac tu re  risk. (Adinoff 1983).
S tud ies of h u m a n s  u sin g  absorp tiom etric  m ethods have show n th a t  s ites 
contain ing  p redom inan tly  trab e cu la r bone (eg spine, proxim al femur) are  m ore 
affected th a n  sites of p redom inan tly  cortical bone (eg m id forearm). (Gluck 
1981). BMD h a s  been  show n to have sim ilar predictive values to BUA a t  the  Os 
Calcis in  C rohn’s d isease  (Javaid 2001) an d  to have equivalen t d iscrim ination  
to BUA a t the  Os Calcis in  R heum ato id  a rth ritis  (Sam brook 2001). The m ainly 
cancellous n a tu re  of th e  Os Calcis m ay be well su ited  to allow u ltraso n ic  
a sse ssm en t of frac tu re  risk  in  corticosteroid excess.
Histological - h istom orphom etric  - s tu d y  of h u m a n  bone from  glucocorticoid 
exposed su b jec ts  (Frost 1973, Jow sey  1970, D em pster 1983, J e e  1970) h a s  
consisten tly  show n redu c tio n  of the  th ick n ess  of osteoid seam s, a  low m ineral 
apposition  ra te  and  reduced  wall th ickness. It h a s  been  suggested  th a t  th is  is 
due  to reduced  p ro te in  syn thesis . In addition, the re  is reduced  calcium  
absorp tion  from the  g u t (H ahn 1981) an d  increased  ren a l calcium  excretion 
(Suzuki 1983). C ancellous bone is  affected to a  g reater ex ten t th a n  cortical 
bone, p resum ab ly  b ecau se  of its  h igher ra te  of turnover.
These fea tu res of glucocorticoid excess w ould lead u s  to expect th a t tUV w ould 
be a  less sensitive m easu re  of th is  form  of osteoporosis th a n  absorptiom etry.
Subjects and M ethods
It w as in tended  to rec ru it 10 ad u lt m ale volunteers w ith  a  h isto ry  of chronic 
oral corticosteroid m edication. D ue to  the  chronic poor h ea lth  of th is  
popu la tion  group, only 6 w ere able to a tten d  for follow up . T his of course  lim its
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th e  reliability of th e  resu lts . T hese 6 w ere tak ing  long te rm  oral p rednisolone for 
chron ic  b ronch itis  an d  em physem a.
All vo lunteers gave inform ed co n sen t before assessm en t. All sub jec ts  had  
m easu rem en t of w eight u sin g  a  ba lance scale and  of height u sing  a  H arpenden  
stadiom eter. Skeletal a sse ssm e n ts  w ere tUV of the  non-dom inan t tib ia w ith the 
S oundscan , and  DXA BMD of the  non -dom inan t proxim al fem ur using  the 
QDR4500.
R esu lts  
C orticosteroid  Exposure
68 4092 .97 1.08 -0.16
37 3886  .88 -1.05 -1 .47
65 4023 .86 0 .34 -0 .85
66 4105  .62 1.16 -2.27
70 3901 .91 -0.72 -0 .49
21 4002 .70 0.17 -3 .19
54 4001 .82 0 .16 -1 .40
18.7 84 .5  .12 0 .83 1.05
Table 9 .5  R esult d a ta  for individuals w ith system ic steroid  exposure.
Table 9 .5  show s the  ac tu a l densitom etry  resu lts , alongside the  derived Z 
scores. It is seen  th a t th e  BMD is low. The Z score for BMD is quite varied, b u t 
in every case is below th e  age m atched  m ean. The tUV is less varied, b u t in only 
2 cases  is below the  age m atched  m ean. (Wilcoxon P=0.046). TUV w as not able 
to detect the  bone chcinges in th is  sm all group. It m ay be th a t BMD is a  m ore 
sensitive m easu re  in steroid  induced  bone d isease. This w ould be in keeping 
w ith the  behav iours proposed for these  m easu rem en ts. These prelim inary 
findings in only 6 su b jec ts  suggest th a t a  larger s tudy  m ay p roduce in teresting
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findings, however th e  exceptionally poor s ta te  of h ea lth  in  th is  popula tion  m ay 
preclude su ch  a  study.
C onclusions
It can  be concluded th a t  p rim ary  an d  ren a l hyperparathyro id  sta tes , 
an d  chronic oral glucocorticoid exposure all have effects on  bone.
T hese effects can  be identified an d  assessed  by th e  u se  of b o th  BMD 
a t the  hip, an d  UV of th e  tibia. The re su lts  available suggest th a t  tUV 
is m ore sensitive th a n  BMD to changes related  to PTH excess. This 
tren d  w as ap p a re n t th ro u g h o u t th e  para thyro id  analysis section, 
a lthough  th is  did n o t reach  s ta tis tic a l significance in  any  one 
com parison. The sca tte r  p lo ts suggest a  dose response  re la tionsh ip  
betw een tUV an d  PTH, In th e  oral corticosteroid exposure group, tUV 
w as com pletely insensitive to bone changes w hich w ere consisten tly  
identified u s in g  BMD. T his observation  did achieve sta tis tica l 
significance despite th e  sm all sam ple size.
T hese observations serve to s tren g th en  the  hypothesis th a t  tUV is 
assessin g  a n  a sp ec t of cortical bone ra th e r  th a n  cancellous bone. It 
could be  explained by  supposing  th a t  th e  h ip  is m ore affected th a n  the 
tib ia  by hyperparathyro id  s ta te s , b u t  bo th  are  w eight bearing  bones, 
a n d  a  differential effect seem s unlikely  on g rounds of site  alone.
Existing knowledge of th e  com position of these  regions of bone, and  
th e  relative effects of corticostero ids and  PTH on cortical and  
cancellous bone fits tlie observations better.
In clinical use , tUV m ay be u sefu l in  the  a sse ssm en t of p a tien ts  w ith 
para thyro id  excess, b u t  m ay n o t have a  role in  a sse ssm e n t o r follow 
u p  of ind iv iduals w ith  glucocorticoid excess.
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Introduction
In th e  a sse ssm en t of any  novel m easu rem en t technique, it is im p o rtan t to know  
w h at the  no rm al ranges are  in  the  population. U ntil it h a s  been  show n 
convincingly th a t  the re  do n o t ex ist nu tritional, racial o r o th e r unknow n  
geographical varia tions, it  is im p o rtan t th a t a  local d a tab ase  and  hence local 
definition of norm al is acquired . The converse is also true; th a t  w ithou t the  
collection of w idespread  loeal d a tab ases , it will never be possib le to show  the  
ex ten t of geographical variation, or sim ilarity.
A d a ta  se t of m easu rem en ts  from  a  norm al population  also allows exam ination  
of the  cross-sec tional d is tribu tion  w ith  age. If bo th  m en  an d  w om en are 
included, th en  com parisons ca n  be m ade regarding sex  differences, if they 
exist, and  how  great they  are. Norm al d a ta  also allows com parison  w itli o ther 
m easu re s  of bo th  skeletal h ea lth  and  general health . T his ca n  allow a  g rea ter 
u n d ers tan d in g  of w h a t is being m easu red  by the  new  device, an d  w hether th is  
is any th ing  different from  existing devices.
A ccepted m ethods for predicting frac tu re  risk  from  bone density  m easu rem en ts  
include D ual Energy X -ray A bsorptiom etiy  (DXA) a t th e  h ip  an d  lum bar spine. 
T hese m ethods have show n them selves to have adequa te  accuracy  (5%) in  
m easu rin g  Bone M ineral D ensity  (BMD) an d  good reproducibility  (1%) (Kanis 
1994, p i  18). C ross sectional s tu d ie s  have show n an  increased  relative risk  of 
frac tu re  in individuals w ith  lower BMD. There is, however, som e concern  th a t  
pub lished  reference d a ta  for h ip  an d  sp ine densitom etry  suffer from th e  b ia s  of 
being gathered  from a  largely N orth A m erican population. T his m ay lead to a  
system atic  e rro r w hen  u sed  in  a  different population.
T heoretical considera tions an d  som e pub lished  d a ta  suggest th a t u ltra so u n d  
velocity in  cortical bone will c ap tu re  aspects  of res is tan ce  to frac tu re  w hich are 
n o t a ssesse d  by DXA m easu rem en ts . In th e  collection of som e d a tab ases , 
exclusions have been  m ade on th e  b as is  of im paired health . It seem s likely th a t  
th is  p ractice w ould in troduce significant b ias  into reference ranges. This 
d a tab ase  h a s  been  collected w ith  no explicit exclusions in  order to avoid th is  
po ten tia l b ias. By perform ing analysis separate ly  for individuals w ith  hea lth
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problem s (these are  specified in  th e  appendix), it shou ld  be possib le to quantify  
th e  bias.
Subjects and M ethods
237 w om en an d  194 m en  recru ited  by  le tte r of invitation from  th e  local 
popula tion  th rough  th e ir  general p rac titioner p a tien t lis t took p a r t  in  th e  study . 
There w ere no exclusion crite ria  a s  th e  aim  w as to rec ru it a  represen tative 
sam ple. The age range w as from  21 to  80 years. At a  single visit, each  sub jec t 
com pleted a  questionnaire  to docum en t general h ea lth  an d  gynaecological an d  
fam ilial r isk  factors for osteoporosis. W eight w as m easu red  w ith  a  balance scale 
an d  he igh t w as m easu red  w ith  a  H arpenden  stadiom eter. A n u m b er of skeletal 
a ssessm en ts  w ere m ade in  a  single visit. These w ere BMD a t  th e  lu m b ar sp ine 
and  h ip  u sing  the  Hologic QDR4500, BMD of the  d ista l forearm  using  the  
O steom eter DTX 200, a n d  U ltrasound  velocity a t the m id tib ia  u sing  th e  M yriad 
S o u n d scan  2000. Indiv iduals w ere classified by the  h ea lth  questionnaire  into 
two groups; those  considered  “h ea lth y ” by  the criteria  th a t  h ad  been  applied  by 
th e  m a n u fac tu re rs  of one densitom eter (Myriad) and  those  considered 
“u n h ea lth y ” (see appendix). In keeping w ith existing da tab ases , a  q uad ra tic  
regression  analysis (SPSS, Chicago) of densitom etric m easu rem en t v e rsu s  age 
w as u sed  to describe th e  varia tio n s  in  densitom etric  m easu rem en ts  observed. 
T hese w ere repea ted  including  an d  excluding the  “u n h ea lth y ” popula tion , and  
repeated  for bo th  sexes an d  each  densitom eter.
R esu lts
Tables 10.1 an d  10.2 show  th e  dem ographics of th e  sam ple popu la tion  bo th  
overall an d  grouped by decade an d  sex. As expected, th e  m en  were significantly 
ta ller an d  heavier th a n  the  w om en w ere in  each  age group. Peak w eight 
occurred  in th e  fou rth  decade in  m en  an d  the  fifth decade in  wom en.
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26 25.9±2.8 61.5111.6 162.717.4
23 36.7±2.6 68.6119.0 162.017.1
51 46.1+2.7 69.3111.6 163.516.1
58 56.4±2.9 68.9113.6 161.515.5
48 65.7±3.1 66.618.3 159.215.0
31 74.112.8 65.119.9 157.515.4
237 53.1114.8 67.2112.4 161.116.2
Table 10.1 Sum m ary  dem ographic d a ta  for norm al fem ales
19 26.912.9 77.019.1 178.414.5
21 35.713.4 83.417.8 178.916.4
28 46.113.3 82.1112.1 176.215.3
40 55.612.7 81.6112.0 172.516.3
49 65.512.9 78.0110.6 171.816.3
37 75.112.8 76.6111.1 171.016.3
194 55.5115.
6
79.5111.0 173.816.6
Table 10.2 Sum m ary  dem ographic d a ta  for norm al m ales
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One way analysis of varia tion  (ANOVA) w as used  to com pare densitom etric  
m easu rem en ts  by decade. All m easu rem en ts  in w om en showed a significant 
age related  decline (p=0.00001). In m en  only BMD a t the d is ta l forearm  did so 
(p=0.00001): BMD a t the  h ip  (p=0.1775) and  tUV (p=0.1452) failed to do so. 
P earson  correlations betw een m easu rem en ts  a t different site s  were m oderate a t 
best. For wom en, correlations were meirginally b e tte r th a n  for m en. The re su lts  
are  displayed in Table 10.3.
A ll p>0.005
0.378 0.2042
0.425 0.4056
0.6357 0.5245
Table 10.3 C orrelation coefficients am ong different m easu rem en ts  (males and  
fem ales separately)
S ca tte r p lo ts w ere m ade and  quad ra tic  regression lines were graphed  again st 
age for each  m easu rem en t and  for bo th  sexes.
In addition, m easu rem en ts  w ere g raphed  aga inst each  o ther, and  regression 
lines plotted in figures 10.1 to 10.12.
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Age vs Ultrasound Velocity (Females)
4400
4200
^  4000I^
 3800
I
>  3600
-0.1596x2 + 13.251X + 3746.9 
Ff = 0.17283400
3200
0 20 40 60 80 100
Age (years)
Figure 10.1 S ca tte r plot to show  varia tion  w ith age of tUV am ongst fem ales
Age vs Ultrasound Velocity (Males)
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Figure 10.2 S ca tte r plot to show  varia tion  w ith age of tUV am ongst m ales
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Age vs BMD Hip (Females)
y = -9505x2 + 0.0056X + 0.9073 
R2 = 0.1594
40 60
Age (years)
100
Figure 10.3 S ca tte r plot to show  varia tion  w ith age of BMD a t th e  hip am ongst 
fem ales
EI»
Age vs BMD Hip (Males)
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Figure 10.4. S ca tte r plot to show  varia tion  w ith age of BMD a t the  hip am ongst 
m ales.
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Figure 10.5 S ca tte r plot to show  variation  w ith age of BMD a t  the  spine 
am ongst females.
Age vs BMD Spine (Males)
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Figure 10.6 S ca tte r plot to show  varia tion  w ith age of BMD a t the  spine 
am ongst m ales.
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Age vs Forearm BMD (Females)
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Figure 10.7 S ca tte r plot to show  varia tion  w ith age of BMD a t the  forearm  
am ongst females.
Age vs BMD Forearm (Males)
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Figure 10.8 S ca tte r plot to show  varia tion  with age of BMD a t the  forearm  
am ongst m ales.
33
UV vs BMD Spine (Female)
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Figure 10.9 S ca tte r plot of tUV plotted aga in st BMD a t the  Spine in  females. 
The b es t fit regression  line is show n w ith the  correlation coefficient.
UV vs BMD Spine (Males)
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Figure 10.10 S ca tte r p lo t of tUV plotted aga in st BMD a t the  Spine in
m ales. The b es t fit regression  line is show n w ith the  correlation coefficient.
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BMD Spine vs BMD Hip (female)
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Figure 10.11 S ca tte r plot of BMD a t the  hip plotted ag a in st BMD a t th e
Spine in fem ales. The b es t fit regression  line is show n w ith th e  correlation 
coefficient.
BMD Spine vs BMD Hip (Male)
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Figure 10.12 S ca tte r plot of BMD a t th e  hip plotted ag a in st BMD a t th e
Spine in m ales. The b est fit regression  line is show n w ith th e  correlation 
coefficient.
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It is confirm ed th a t for m en only BMD forearm  show s a  definite varia tion  w ith 
age. All o ther m easu re s  in  m en fail to achieve th is. In fem ales, by con trast, all 
m easu re s  decline w ith increasing  age.
Healthy
Mean
Unhealthy
MeanFemales
Height
Weight
160.4 
66.9 
3961.9 
0.92 
0.97 
0.44
0.047
0.72
0.74
0.38
0.25
0.11
Ultrasound m/s
BMD Hip g/cm2 
BMD Spine g/cm2 
BMD g/cm2
Forearm
Healthy
Mean
Unhealthy
MeanMales 
Height 
Weight
Ultrasound m/s 
BMD Hip g/cm2 
BMD Spine g/cm2 
BMD g/cm2 
Forearm 
Grip
175.4 172.4 0.0017
81 78.2 0.069
3995.8 3993.4 0.88
1.04 1.01 0.19
1.04 1.03 0.85
0.55 0.54 0.15
39.9 0.001
Table 10.4 C om paring the  re su lts  of separating  m easu rem en ts  on the b asis  
of health .
It can  be seen  th a t correlation  betw een BMD hip and  BMD sp ine is 
substan tia lly  closer th a n  betw een tUV and  either m easu re  in bo th  sexes. Even 
correlation betw een BMD hip  and  BMD sp ine are no t good enough to m ake 
these  m easu res  in terchangeable.
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M ean resu lts  for each  m easu rem en t are  shown for those w ith norm al health  
and  those w ith poor health . In addition. U npaired T -test w as used  to com pare 
m easu rem en ts  of hip BMD, forearm  BMD and  tibial UV in the  designated 
healthy  and  u n h ea lth y  volunteers. M ales and  fem ales w ere analysed  separately . 
Those designated  a s  having poor h ea lth  were sh o rte r an d  lighter. O therw ise 
there  w ere no statistically  significant differences indicating th a t  exclusion on 
g rounds of h ea lth  w ould have no significant effect on o u r norm al ranges.
WHO th resh o ld s  of -2 .5  SD from the young healthy  m ean  w ere then  applied to 
a group of 329 norm al w om en over the  age of 75yrs who had  existing 
absorp tiom etric  and  u ltra so u n d  m easu rem en ts. These w om en had  been 
random ly recru ited  from the  local popu la tion  a s  p a rt of a n  u n re la ted  pilot s tudy  
w hich in tended  to a sse ss  the  feasibility of targeting trea tm en t for osteoporosis 
by age (MRC Hip pilot study). Population ra te s  of osteoporosis a s  defined by 
locally derived th resho lds  in th is  elderly group were a s  show n in table 10.5. 
There is a  m arked  variation  in sensitiv ity  for diagnosing osteoporosis. This 
w ould have m ajor effects on diagnosis and  trea tm en t decisions in clinical 
practice.
66%
51.4%
32.6%
Table 10.5 The prevalence of T score <-2.5 in  329 fem ales, u s in g  the  Sheffield 
local norm al sam ple
S ca tte r p lo ts were m ade to com pare different techn iques of m easu rem en t in all 
329 females. They d em onstra te  the  poor concordance betw een all techn iques 
an d  show  th a t sim ply altering  th e  th resh o ld s  would no t im prove this. A second 
se t of sca tte r  p lo ts w as m ade, u sing  d a ta  only from those 72 fem ales in the 
group w ho had  experienced a n  osteoporotic fracture. T hese d em onstra te  both
137
the lack of concordance, an d  th e  variable sensitivity of different m ethods for 
diagnosis of osteoporosis.
BMD Hip vs UV (2.5 SD Thresholds)
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Figure 10.13 For 329  fem ales recru ited  from the  com m unity, BMD a t the
Hip is p lotted aga in st tUV. The lines included d em onstra te  th e  T score of -2 .5  
for BMD hip and  tUV calcu la ted  from the  local norm al sam ple.
BMD Hip vs BMD Forearm (2.5 SD 
Thresholds)
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Figure 10.14 For 329  fem ales recru ited  from the  com m unity, BMD a t the
Hip is plotted ag a in st BMD a t th e  Forearm . The lines included  d em onstra te  the  
T score of -2 .5  for BMD hip an d  BMD forearm  calcula ted  from the  local norm al 
sam ple.
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BMD Hip vs tUV (Patients with fracture)
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Figure 10.15 For 72 fem ales know n to have osteoporotic fracture, BMD
at the  Hip is plotted aga in st tUV. The lines included d em o n stra te  the  T score of 
-2 .5  for BMD hip an d  tUV calcu la ted  from the  local norm al sam ple.
BMD Hip vs Forearm (Patients with fracture)
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Figure 10.16 For 72 fem ales know n to have osteoporotic fractu re, BMD
a t the Hip is plotted ag a in st BMD a t the Forearm . The lines included 
d em onstra te  the  T score o f -2 .5  for BMD hip and  BMD forearm  calcu la ted  from 
the  local norm al sam ple.
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Finally, k ap p a  scores w ere calcu la ted  to a sse ss  agreem ent betw een different 
techn iques in identifying individuals w hose m easu rem en ts  w ere lower th a n  2.5 
sd  from the  young a d u lt m ean.
The k ap p a  scores w ere poor, a lthough  they were be tte r in w om en th a n  m en.
The re su lts  are  displayed in table 10.6.
0.39 0.22
0.33 -0.009
0.47 -0.009
Table 10.6 In ter m easu rem en t agreem ent on WHO th resh o ld s  in the  local 
norm al d a tab ase , expressed  a s  a  k ap p a  score
C onclusions
There were m ajor differences in the  cro ss sectional d is trib u tio n  of observations 
from m ale an d  female vo lun teers. C hange of m easu rem en ts  w ith age, in ter site 
correlations and  k ap p a  scores were all m uch  w eaker in m ale sub jects. The 
value of densitom etry  in m en is in  question, and  prospective follow up is 
required. The rem ain ing  conclusions rela te  only to women.
There w as observed a n  age related  decline in all m easu rem en ts. This is 
co n sis ten t w ith previous s tu d ie s  of densitom etry . U ltrasound  velocity a t the 
tib ia  w as d is tribu ted  sim ilarly to the  DXA m easu rem en ts. In all com binations 
in ter site  correlation coefficients an d  k appa  scores were weak. This ind icates 
th a t  reliance on different densitom etric  techn iques or different sites of DXA 
m easu rem en t will identify -in general- different individuals from the population. 
This m u s t have consequences for d iagnosis, screening  an d  trea tm en t of skeletal 
d isease.
In wom en tUV show s a  sim ilar p a tte rn  of age related  decline to m easu rem en ts  
w ith o the r techn iques. In co n tra s t to o the r m easu rem en ts  forearm  BMD and  
tUV did show  a  significant decrease  in elderly m en. For elderly wom en, 
concordance betw een techn iques  in identifying osteoporosis is poor. Differences
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in  prevalence of osteoporosis in  elderly w om en suggest th a t  u n ique  th resh o ld s  
m ay need  to  be  developed for each  technique.
In b road  term s, th is  w ork show s th a t  tUV h as  a  d is tribu tion  in  th e  popula tion  
th a t  is sim ilarly d is trib u ted  to densitom etric  m easu res, an d  w hich is sensitive 
to ageing an d  estab lished  osteoporosis. T hus tUV rem ains  a  cand idate  
techn ique w orthy of fu rth e r study.
The collection of th is  no rm al d a tab ase  will allow fu rth e r s tu d y  of tUV in  d isease  
s ta tes .
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Introduction
Q uantita tive u ltra so u n d  (QUS) techn iques  are increasingly  u sed  as  ind icato rs 
of skeletal fragility. E xperim ental s tu d ies  have suggested  th a t  u ltra so u n d  
m easu rem en ts  m ay give density -independen t inform ation rela ting  to fractu re  
risk  (Gluer 1996, Lochm uller 1998, B auer 1997, H an 1997, B ouxien l997). For 
th is  reason , it h a s  b een  suggested  th a t  a  com bination of u ltra so u n d  and  
absorp tiom etric  a sse ssm en ts  m ight p red ic t fractu re  risk  m ore adequately  th a n  
th e  u se  of a  single techn ique alone. Two prospective clinical s tu d ies  give 
conflicting inform ation. In th e  EPIDOS study, h ip  frac tu re  r isk  increased  tw o­
fold for each  s ta n d a rd  deviation decrease  in h ip  bone m ineral density  (BMD) or 
heel BUA (Hans e t al 1997) an d  th e  predictive value for QUS pers is ted  after 
a d ju s tm en t for h ip  BMD. In  co n trast, th e  S tudy  of O steoporotic F rac tu re s  w as 
unab le  to  confirm  th ese  findings an d  concluded th a t  QUS a t th e  heel offered no 
additional predictive value for frac tu re  r isk  from  th a t ob ta ined  by hip  BMD 
alone (Bauer e t al 1997).
The asse ssm en t of tib ial U ltrasound  Velocity is a  techn ique w hich  the  previous 
ch ap te rs  have show n to be  reproducib le and  to correlate w ith  age and  bone 
density  a t  o the r skeletal s ites in  young healthy  su b jec ts  an d  postm en o p au sa l 
w om en. C om parative es tim ates  of frac tu re  risk  u sing  different techn iques can  
be derived from  cross sectional s tud ies. The aim  of th is  s tu d y  w as to exam ine 
an d  com pare the  ability of tib ial SOS, heel-based  QUS an d  absorp tiom etric 
a sse ssm en ts  a t  o the r skeletal s ites to d iscrim inate  betw een p a tien ts  w ith  an d  
w ithou t p revalen t verteb ral frac tu res. In addition, we w ished  to determ ine 
w hether the  d iscrim ination  could be enhanced  by  com bining absorp tiom etric  
a sse ssm en ts  a t different skeletal s ites or by tlie com bined u se  of 
absorp tiom etric  an d  u ltra so u n d  m ethods.
Subjects And M ethods
The sub jec ts  w ere w om en aged a t  le as t 75 years  of age w ho w ere recru ited  
random ly  from  the  local com m unity  by le tte r of inv itation  to take  p a r t in  a n  
M RC-funded pilot s tu d y  of h ip  frac tu re  risk  and  prevention. W om en w ere 
included  in  th is  analysis  if they  h ad  h ad  m easu rem en ts  perform ed a t all 
skeletal s ites a t  en try  to th is  pilot s tu d y  and  were n o t on co n cu rren t trea tm e n t
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for m alignancy or any  tre a tm e n t w hich  w ould modify bone density  (excluding 
thiazides). W om en w ho h ad  received b isphosphonate  therapy  w ithin  the  
previous year were excluded b u t  calcium  supp lem en ta tion  u p  to a  m axim um  of 
500 m g daily w as allowed. P a tien ts  w ith  m arked  ren a l failure (serum  creatin ine 
> 300m cg/l) , im paired  liver function  a n d /o r  b iochem ical evidence of 
osteom alacia w ere also excluded.
E ach  w om an com pleted a  self-adm inistered  and  inteiw iew -based questionnaire  
to docum ent p a s t m edical and  gynaecological h is to iy  and  any  h isto ry  of low- 
tra u m a  fractu res. S tand ing  heigh t w as m easu red  u s in g  a  H arpenden  
stad iom eter an d  w eight w as m easu red  u sing  a  ba lance scale. S p an  w as 
m easu red  from m iddle finger tip  to m iddle finger tip  acro ss th e  ch es t u s ing  a  
flexible tap e  m easure . Bone m ineral density  a t  th e  h ip  w as m easu red  u sing  
d u a l energy x-ray  absorp tiom etry  (QDR 2000plus, Hologic Inc., M assachusetts) 
an d  a t  th e  forearm  u s in g  single energy x-ray absorp tiom etry  (DTX-100, 
O steom eter, H oersholm , Denmai'k). B roadband  u ltra so u n d  a tten u a tio n  and  
speed of sound  w ere m easu red  a t  th e  heel of th e  non  d om inan t limb u s in g  the  
CUBAcIinical (McCue E lectronics, C om pton, W inchester) an d  speed of so u n d  a t 
the  m idpoin t of the  n o n  d o m in an t tib ia  u sing  the  S oundS can  2000 (Myriad 
U ltrasound  System s Ltd, Rehovot, Israel). Finally, m e tacarpa l cortical index 
(mCI) w as m easu red  a t th e  m id-po in t of the  second righ t m etacarpa l on p la in  
rad iographs of th e  h a n d  u sing  th e  B onalyser densitom eter (Teijin Ltd, O saka, 
Japan ).
In all wom en, la te ra l tho rac ic  an d  lu m b ar sp ine rad iographs w ere obta ined  
u n d e r  s tan d ard ised  conditions an d  exam ined for prevalen t vertebral deform ities 
u sing  a  sem i-au tom ated  techn ique described  previously (McCloskey e t al 1993). 
Briefly, th e  anterior(A), middle(M), an d  posterior(P) vertebral heights of each  
verteb ra  from T4 to L5 w ere m e asu red  on a  digitising tablet, an d  u sed  to derive 
A /P , M /P  and  P /P P  (where PP is th e  posterior heigh t pred icted  from  th e  
ad jacen t vertebrae betw een th ese  heigh ts an d  those  predic ted  from  the  ad jacen t 
vertebrae). T hese ra tio s w ere u sed  to charac terise  the  p resence or absence of 
deform ity u sin g  a  th resh o ld  level of tliree s ta n d a rd  deviations and  th e  
requ irem en t of two criteria  to be  fulfilled for each  type of deformity.
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S ta tistica l M ethod
Differences in  m ean  values of the  m easu rem en ts  in  th e  popu la tions w ith and  
w ithou t frac tu re  were te sted  u sing  analysis of variance. The correlations 
betw een the  m easu rem en ts  an d  betw een an thropom orphic indices w ere derived 
u sin g  sim ple regression  analysis  in  th e  w hole sam ple an d  also  in  th e  w om en 
w ith  an d  w ithou t verteb ral fracture.
In order to exam ine th e  re la tionsh ip  betw een each  a ssessm en t and  
prevalen t verteb ral deform ity, th e  g rad ien t of risk  for p revalen t vertebral 
deform ity for each  s ta n d a rd  deviation (SD) decrem ent in  each  m easu rem en t 
w as com puted  as  a n  odds ra tio  u s in g  logistic regression  analysis. For the  
pu rp o ses  of th is  analysis, all values w ere expressed as  SD u n its  from th e  m ean  
value in  th e  w om en w ithou t p revalen t deform ity u sin g  th e  SD from the  sam e 
population . The analysis w as carried  o u t prior to an d  following ad ju stm en t for 
age and  weight. Finally, com bined m odels were te sted  u sin g  forward 
conditional logistic regression  to exam ine the hypothesis th a t  a  com bination of 
m easu rem en ts  o r of two sites could im prove the  g rad ien t of risk.
R esu lts
Prevalent vertebral deform ities w ere identified in  72 of th e  w om en (21.9%). The 
w om en w ith deform ities w ere m arginally  b u t  significantly older an d  w ere of 
lower w eight th a n  w om en w ith o u t vertebral deform ity (Table 1). As m ight be 
expected, the  w om en w ith  deform ity w ere shorter. S p an  w as no t significantly 
different betw een groups, suggesting th a t  th e  difference in  heigh t w as a  re su lt 
of vertebral frac tu re  ra th e r  th a n  a  pre-existing constitu tional difference (Table 
1).
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79.72±4.03 8 0 .99± 5 .11 0.03
155.48± 5.84 153.28 ±6.49 0.006
63.79±10.48 59.83±11.08 0.008
157.63±7.58 156.99± 7.01 NS
26.41±4.23 25.42±4.08 NS
0.74  ± 0 .1 2 0 .6 3 ± 0 .1 6 0.001
3 7 9 1 ± 152 3689 ± 176 0.001
0 .330  ± 0.07 0.300  ± 0 .07 0.001
53.5  ± 15.7 46.72± 16.58 0.002
1537± 33 1526 ± 2 9 0.003
0 .37  ± 0 .0 6 0.34  ± 0 .06 0 .002
Table 11.1 D em ographic and  m easu rem en t details of w om en w ith and  
w ithou t prevalen t vertebral fractu re (m eans ± SD). P values relate to 
significance of differences betw een the  two groups.
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R egardless of the  site  of a ssessm en t, m ean  values for w om en w ith  vertebral 
deform ily w ere significantly lower th a n  for those  w om en w ithou t deformity.
T his w as tru e  for all of the  absorp tiom etric, u ltra so u n d  an d  rad iogram m etric 
techn iques  u sed  in  th e  s tu d y  (Table 11.1). The differences betw een th e  w om en 
w ith  fractu re  an d  controls, w hen  expressed  as a  percentage, w ere g rea tes t for 
h ip  BMD (14.8%) an d  low est for tib ial SOS (2.7%) b u t th is  largely reflects the  
m arked  differences in  the  m ag n itu d es  of the  various m ean  values. W hen th e  
differences were expressed  a s  s ta n d a id  deviation u n its , the  ap p aren t 
differences betw een th e  g roups were m ore uniform  w ith  h ip  BMD still show ing 
th e  la rgest reduction  in  w om en w ith  vertebral fractu re  (-0.91). In co n tra s t to 
th e  percentage difference, tib ial SOS (-0.67) show ed a  com parable value to h ip  
BMD w ith th e  low est values being observed w ith MCI (-0.50).
C orrelation w ith  age, h e ig h t and w eight and betw een  s ite s
All m easu rem en ts  a p a r t from  heel SOS showed w eak b u t  significant negative 
correlations w ith  age (r values -0.1 to -0 .3)(Table 2). W hen expressed  a s  a n n u a l 
ra te s  of change (%), tlae ra te  of bone loss varied from  0.05%  p er year for heel 
SOS to 0.6%  p er year for to ta l h ip  BMD, forearm  BMD, heel BUA and  mCI. For 
all m easu rem en ts  a p a r t  from tib ial SOS th e  correlations an d  ap p are n t ra te s  of 
loss w ith  age w ere sim ilar in  tlie w om en w ith an d  w ith o u t deformity. In 
con trast, the  a p p a re n t ra te  of decrease  in  tibial SOS w ith  age w as significantly 
g reater in  th e  su b jec ts  w ith  verteb ral deform ity th a n  in  those  w ithou t by a 
factor of fourfold. Body w eight eorrelated  significantly w ith  to ta l h ip  BMD, 
forearm  BMD an d  heel BUA b u t  th e  correlation w as less m arked  w ith o the r 
m easu rem en ts  (Table 2).
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T i b i a lH i p  F o r e a r m  H e e l
B M D B M D B U A
- 0.11 0.15*- 0 . 22* *
H e i g h t 0.26** 0.09
W e i g h t 0.46** 0.34** 0.15*
* p<0.05, ** p<0.002
Table 11.2 Pearson  correlations of the  m easu rem en ts  w ith age, height and  
weight.
The correlations w ere sim ilar in w om en w ith and  w ithou t vertebral fracture. 
There were significant correlations betw een m easu rem en ts  a t all skeletal sites 
in  the  whole group of 329 w om en (Table 3), w ith coefficients ranging from 
r=0.31 (mCl vs. tibSOS) to r=0.64 (Heel BUA and  SOS)(Table 3). The 
correlations were sim ilar in w om en w ith and  w ithou t prevalen t vertebral 
deform ity suggesting th a t the  p a tte rn  of bone loss in w om en w ith vertebral 
deform ity is sim ilar a t all m easu red  sites.
-
0.58 -
0.51 0.51 -
0.46 0.44 0.64 -
0.41 0.58 0.37 0.35 -
0.44 0.47 0.35 0.38 0.31 -
Table 11.3 In ter-site  an d  in ter-m ethod  correlation coefficients in all 329 
w om en. All correlations are  highly significant (p<0.001).
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Gradient o f risk for vertebral deform ity
The g rad ien ts  of risk  for p revalen t vertebral deform ity expressed  as  odds-ra tio s 
are  show n in Table 4. Hip BMD w as the strongest pred ic to r of prevalent 
fractu re  w ith a n  odds-ratio  of 2 .23  (95%CI 1.61 - 3.07) following ad ju stm en t for 
age and  weight. However, decreases in all of the  o the r m easu rem en ts  were also 
significantly associated  w ith fractu re  risk  w ith tibial SOS show ing the  second 
h ighest odds-ratio  (1.75, 95%C1 1.34 - 2.30) and  MCI the  lowest (1.38, 95%C1 
1.03 - 1.86)
To exam ine w hether com binations of m easu rem en ts  could fu rth e r enhance  the 
g rad ien t of risk  for vertebral fractu re, th e  forward conditional logistic regression  
analysis w as repeated  following fu rth e r ad ju stm en t for h ip  BMD (Table 4). 
D ecreases in Tibial SOS con tinued  to be significantly associated  w ith fractu re  
following ad ju stm en t for h ip  BMD (1.38, 95%C1 1.02 - 1.87) b u t all of the  o ther 
m easu rem en ts  were no longer associated  w ith fractu re risk  w ith odds-ra tios 
ranging from 1.01 to 1.05 and  th e  95%C1 encom passing  1.0 (Table 4).
2.23  ( 1.61 - 3 .07 ) -
1.75 ( 1.3 4 - 2 .30 ) 1.38 ( 1.02 - 1.87 )
1.51 ( 1. 1 2 - 2 .03 ) 1.01 (0.71 - 1.44 )
1.42 ( 1.05 - 1.92 ) 1.04 (0.74  - 1.47 )
1.40 ( 1.05 - 1.86 ) 1.03 (0.74  - 1.42 )
1.38 ( 1.03 - 1.86 ) 1.05 (0 .7 6 - 1.44 )
Table 11.4 G rad ien t of risk  for prevalent vertebral deform ities expressed  as  
odds-ra tio s for a  1 s ta n d a rd  deviation decrease in m easu rem en ts  a t  each  site, 
a A djusted for age and  weight.  ^A djusted  for age, w eight an d  hip  BMD.
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D iscu ssion  and C onclusions
There h a s  been  a  m arked  increase  in  th e  availability of u ltra so u n d -b ased  
devices to a sse ss  frac tu re  risk. The g rea tes t experience h a s  been  obta ined  w ith  
w ater-based  system s th a t  m easu re  the  speed of so u n d  or b ro ad b an d  
u ltra so u n d  a tten u a tio n  of th e  heel. A n u m b er of prospective s tu d ies  indicate 
th a t  su ch  m easu rem en ts  m ay p red ic t frac tu re  risk, though  w ith  less sensitivity  
tlian  th a t  ob ta ined  by d u a l energy x-ray  absorp tiom etry  (DXA). This s tudy  
com pared DXA , QUS a t  th e  heel and  tib ial UV in  a  cross-sectional s tu d y  of 
elderly w om en categorised according to th e  presence or absence of vertebral 
fractu res.
The principal finding in  th is  s tu d y  is th a t  all m easu rem en ts , regard less of 
techn ique or site, w ere significantly lower in  w om en w ith  verteb ral frac tu res  
th a n  in  those -without. T his concords w ith  th e  system ic n a tu re  of bone loss in 
osteoporotic, elderly individuals. Spine BMD w as n o t m easu red  in  th is  s tu d y  
due to th e  h igh  prevalence of o s teoarth ritic  changes in  su ch  a n  elderly group 
an d  th e  adverse influence th ese  w ould have on BMD. The grad ien t of r isk  or 
odds-ratio  is a n  ind icato r of th e  specificity of each  techn ique for p revalen t 
vertebral frac tu res  an d  ap p ea rs  to be g rea test for bone m ineral density  
a sse ssm en ts  a t  the  hip. However, th e re  w as no significant difference betw een 
th e  odds ra tio s  ob ta ined  by  h ip  BMD an d  others.
There rem ains a  g reat deal of u n ce rta in ty  as  to w hether u ltra so u n d  asse ssm en t 
can  add  value to th e  a sse ssm e n t of BMD alone (Hans 1997, B auer 1997). In 
vitro s tud ies  u sin g  m echan ical testin g  of bone specim ens suggest th a t BMD can  
acco u n t for betw een 60-80%  of bone s tren g th  (Cheng 1995, Moro 1995, 
T abensky 1996) vHth th e  rem ain d er rela ted  to o ther m ateria l and  s tru c tu ra l 
p roperties of bone. The findings of th is  s tu d y  suggest th a t  there  is little or 
no th ing  to be gained in  p red ic ting  vertebral frac tu res  by com bining hip BMD 
w ith  m easu rem en ts  of BMC a t th e  forearm  or BUA an d  SOS a t  th e  heel. In 
co n trast, th e  d a ta  suggest th a t  a  com bination  of hip  BMD an d  tibial UV m ay be 
of value, b u t  it is u n c lea r if the  sm all inc rem en t in  specificity will be of clinical 
value. It will be n ecessary  to determ ine w hether th is  com bination can  prove of
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benefit in  longitudinal s tu d ie s  of verteb ral fractu re  r isk  an d  to determ ine its  
associa tion  w ith  frac tu res  a t  o the r sites, m ost notab ly  th e  hip.
The m a in  lim itation of th is  s tu d y  is the  cross sectional design, b u t  the  
g rad ien ts  of r isk  observed are  eom parable to those  seen  in  prospective s tu d ies  
(Cum m ings 1993). It is im p o rtan t to rem em ber th a t  in  s tu d ie s  of d iscrim inan t 
ability a s  a  su rrogate  of predictive ability, m easu rem en ts  are  ob ta ined  after the  
occurrence of th e  p a rticu la r  event in  question. It is  therefore n eeessa iy  to 
assu m e  th a t  the  event itself e ither does n o t influence su b se q u en t 
m easu rem en ts  or , in  com parative s tud ies, affects all su b se q u en t 
m easu rem en ts  equally. Low bone m a ss  observed in frac tu re  cases h a s  been  
proposed  to be an  ep i-phenom enon (Heaney 1992) and  it is of in te res t th a t  th e  
ap p a re n t decrease in  tib ial UV w ith  age is m ore m arked  in  w om en w ith  
p revalen t vertebral frac tu res. If true , th is  m ay have eon tribu ted  to the  ability of 
tib ial UV to d iserim inate  betw een frac tu re  and  n o n -frac tu re  cases. This 
observation needs confiim ation  and  fu rth e r investigation in  o the r s tudy  
popula tions.
In  conclusion, h ip  bone density  an d  tib ial UV ap p ea r to have th e  h ig h est 
predictive value for p revalen t verteb ra l frac tu re  in  elderly wom en. These d a ta  
su p p o rt th e  u se  of a  single site, single teehn ique m easu rem en t b u t  th e  possible 
eom bination of h ip  bone density  an d  tib ial UV requ ires fu rth e r  evaluation.
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Introduction
The final verification of th e  perfonnance of tUV can  only com e w ith  prospective 
study. The d a ta  p resen ted  th u s  far suggest strongly t l ia t the  techn ique is 
capable of a ssessing  r isk  of fractu re, an d  m ay be able to do so independently  of 
BMD. It h a s  n o t been  dem onstra ted  th a t  tUV is responsive to changes in  bone 
due to trea tm en t of osteoporosis. Nor h a s  it been  dem onstra ted  w hether tUV is 
a  sufficiently sensitive m easu re  to  de tect age rela ted  deeline in  bone quality  in  
a n  individual over a  clinically re levan t tim escale. B oth of th e se  are  fun d am en ta l 
to th e  range of clinical u se s  to  w hich  the  m easu rem en t could be applied. As 
p a r t of a  prospective th e rap eu tic  in tervention  study, 143 sub jec ts  w ere 
available to help answ er th ese  questions.
Subjects and M ethods 
Subjects
143 sub jec ts  w ere recru ited  from  p a tien ts  a ttend ing  th e  osteoporosis clinic a t 
the  WHO collaborating centre  in  Sheffield. The p rim ary  aim  of the  s tu d y  w as to 
a sse ss  the  efficacy of the  b isp h o sp h o n a te  clodronate in  th e  trea tm e n t of 
sym ptom atic osteoporosis. Specifically, th e  p rim aiy  end  po in t w as the  incidenee 
of new  osteoporotic verteb ral fractu re. Secondary end  po in ts  w ere the  responses 
of a  variety  of densitom etric  an d  u ltraso n ic  m easu res  to trea tm en t or placebo. 
M en and  n o n  fertile w om en w ere eligible to enter. The protoeol w as approved by 
th e  local R esearch  E th ics Com m ittee.
Inclusion  criteria  for w om en w ere e ither a n  osteoporotie vertebral c ru sh  
fracture, or a  BMD a t th e  h ip  w hich  w as >2.5 s ta n d a rd  deviations below the  
reference m ean  for young hea lthy  ad u lt w om en (WHO th resho ld  for diagnosis). 
For m en, inc lusion  criteria  w ere e ither a n  osteoporotic verteb ral c ru sh  fracture, 
or a  BMD a t  th e  h ip  >3 s ta n d a rd  deviations below the  reference m ean  for young 
hea lth y  ad u lt m ales. S ub jec ts w ere excluded on the  following criteria: those 
receiving trea tm en t for a  m alignancy; those  cu rren tly  tak ing  m edication  likely 
to  influence skeletal m etabolism  or th e  in te rp re ta tion  of re su lts  (i.e. >500 m g 
daily calcium  supp lem en ts, oestrogens, progestérones, calcitonin, anabolic 
s tero ids an d  b isphosphonates); those  w ho h ad  received b isp h o sp h o n a tes  w ith in
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th e  year p rio r to  enrolm ent; those  w ith  know n m alabsorp tion . The following 
eriteria  applied to baseline  blood te s t  re su lts  w ere u sed  for p o s t hoe exclusion: 
crea tin ine >300|rm ol/l; to ta l w hite cell coun t <2 x 10^/1; se ru m  calcium  
ad ju sted  for a lbum in  <2.12 m m ol/1 w ith  p h o sp h a te  <0.7 m m ol/1 (suggesting 
hypovitam inosis D); n on -para thy ro id  hypercalcaem ia (serum  calcium  ad ju sted  
for a lbum in  > 2 . 6 5  mmol/1); a lan ine  am ino tran sfe rase  (ALT) > 64 U/1; se ru m  
alkaline p h o sp h a ta se  activity (S-ALP) >674 U/1 w ith  no rm al hepatic  function, 
suggesting  underly ing  bone disease.
M ethods
Sub jec ts w ere random ised  to receive e ither elodronate a s  a  single daily oral 
dose of two 400m g eapsu les (Bonefos ®, Leiras Oy, Finland) or a n  identica l 
placebo to be ta k en  a t  le ast 2 h o u rs  before b reak fast an d  caleium  contain ing  
liquids. R andom isation  w as adm in iste red  by the  com pany Leiras Oy, and  the  
investigators w ere b linded  to th e  allocation. D rug supp ly  w as also  adm in iste red  
by  the  com pany who supp lied  stock  to the  hosp ita l ph arm acy  p repackaged  for 
each  subject. All su b jec ts  h ad  a  daily calcium  supp lem en t of 500 mg.
All su b jee ts  h ad  m e asu re m en t of th e  BUA and  Speed of S ound  (SOS) of th e  os 
calcis of th e  non -d o m in an t leg u sing  th e  CubaC linieal (McCue Electronies). This 
device u se s  a  calliper m oun ted  tra n sd u c e r pair, p roducing  a  b ro ad b an d  signal 
cen tred  a t IMHz. Gel coupling is  u sed  ra th e r  th a n  a  w ater-bath .
M easurem ent w as also m ade of sp ine  BMD, hip BMD (total an d  subregions) a t  
th e  n o n -dom inan t h ip  m easu red  u sing  d u a l energy X -ray absorp tiom etry  
(QDR2000+, Hologic Inc., W altham , USA) an d  tUV a t  the  m id-po in t of th e  n o n ­
d o m inan t tib ia  (SoundScan2000, M yriad U ltrasound  Ltd, Rehovot, Israel). 
S erum  caleium  (adjusted for album in), se ru m  phosphate , blood coun ts, liver 
en2ym es an d  se ru m  crea tin ine  w ere followed for safety. A ssessm en ts  w ere 
m ade a t  en try  an d  a t  6, 12, 24 an d  36 m onths. Lateral sp ine rad iographs w ere 
assessed  for vertebral frac tu re  a t  en try  an d  annually . The sub jec ts  w ere 
stratified  into 3 groups. G roup 1 consisted  of p o s t m en o p au sa l w om en w ithou t 
a  secondary  cau se  of osteoporosis. G roup 2 consisted  of n o n  fertile w om en w ith
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a secondary  cau se  of osteoporosis. G roup 3 consisted  of m en w ith any cau se  of 
osteoporosis.
R esu lts
The one-year re su lts  have been  pub lished  (McCloskey e t al 2001). R esults 
beyond th is  aw ait peer-review ed publication. The trial is ongoing, and  all d a ta  
rem ains the  property  of the  WHO collaborating cen tre  in Sheffield. Only the  
d a ta  im m ediately relevant to the  a sse ssm en t of tibial u ltra so u n d  velocity, and  
the  d a ta  from th e  one year in terim  analysis is available to me. For th is  reason , 
m any in teresting  questions can n o t be answ ered, a lthough  in due course the 
s tudy  re su lts  will en te r th e  public dom ain.
ANOVA w as used  to com pare tUV m easu rem en ts  a t each  tim e point, an d  for 
each  subgroup, a s  well a s  for the  en tire  group. No statistically  significant 
differences w ere found a t any  tim e point, for any subgroup , no r for the  en tire  
group. No effect w as found for e ither those random ised  to clodronate n o r for 
those receiving placebo.
This is displayed in figures 12.1 to 12.3.
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Figure 12.1 
M ean and  SD
tUV du ring  follow up  for s tra ta  1 Placebo and  clodronate.
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Females, secondary osteoporosis, by intention to 
treat
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Figure 12.2 tUV during  follow up  s tra ta  2 placebo and  clodronate. M ean and  
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Figure 12.3 tUV du ring  follow up  for s tra ta  3 placebo and  clodronate. M ean 
and  SD
For o ther m easu rem en t techn iques, th e  observations w ere only available up  to 
one year of follow up. The m ean  values are  tabu la ted  (12.1) below for the 
placebo and  clodronate groups, expressed  as  a  percentage change from the 
m ean  values a t entry.
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+ 0 .5± 0.3 + 0 .2±  1.2 + 0 .4±  0.4 - 0 . 1± 0.3
+ 1.3±  0.3 + 3 .2±  0.3 + 3 .4±  1.2 + 0 .8±  0.4 + 0 .4±  0.3
Table 12.1 % C hange a t 1 year in  placebo and  clodronate g roups m ean  SD
(*P<0.05)
D iscu ssion  and C onclusion
It is clear th a t tUV h a s  no t been  able to detect any changes du ring  the follow 
up  of th is  s tu d y  group, even afte r 3 years. It is no t c lear w hy th is  should  be so. 
It is possible th a t  there  w ere no changes. BMD m easu res  a t bo th  hip an d  spine 
for those  random ised  to placebo also showed no significant change over one 
year (0.4%±0.3, 0.5% ±0.3 respectively). In addition, o the r u ltra so u n d  m easu re s  
(Os Calcis BUA an d  SOS) d em onstra ted  no significant changes in the  placebo 
group a t one year. F u rth e r  follow up  will dem on stra te  w hether these  
observations rem ain  true . However, it is p lausib le to suggest th a t those 
su b jec ts  allocated placebo in th is  s tudy  did no t experience any  skeletal change 
du ring  the period of observation. The calcium  supp lem en t m ay have influenced 
th is.
By con trast, those receiving clodronate have show n significant in creases in 
BMD a t bo th  th e  spine an d  th e  hip. Os Calcis BUA increased , and  th is  trend  
w as close to s ta tis tica l significance (P=0.075). N either u ltra so u n d  velocity a t the  
Os Calcis, no r a t the  Tibia h ad  a  significant change. This suggests th a t 
clodronate specificailly, an d  possibly b isp hosphonates in  general do no t a lte r 
bone in a  way th a t in fluences u ltraso u n d  tran sm issio n  velocity. As 
b isph o sp h o n a tes  ac t by inhib ition  of osteoclast activity, it is hypothesised  th a t 
they ac t to reduce the risk  of osteoporotic fracture by prevention of fu rth e r loss 
of bone m ass. W hilst the  osteoblastic  com pletion of active rem odelling cycles 
allows resorp tion  p its  to fill in, the  prevention of fu rth e r rem odelling stops  new
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bone loss. T his adequately  explains th e  observed Increase in  BMD. U ltrasound  
velocity m ight be influenced by  th e  change in  porosity. However, the re  will be 
no a lte ra tions in  th e  H aversian  (osteonal) arch itec tu re , th e  m ateria l density  h a s  
n o t changed, cortical th ick n ess  h a s  n o t changed, and  th e  d iscon tinu ities due  to 
accum ula ted  fatigue can  only increase  once rem odelling h a s  ceased. T hus, it 
m ay be hypothesised  th a t  th e re  is  no reaso n  to expect a  m easu rab le  change in  
u ltra so u n d  velocity in  response  to b isphosphonate  trea tm en t.
It m ay be th a t  th e  ra te  of change in  th e  cortical bone of th e  tib ia  is m u c h  slower 
th a n  in  the  cancellous bone of th e  hip or spine. As the  ra te  of rem odelling in  
cancellous bone is 10 tim es g reater th a n  th a t  in  cortical bone (Kanis 1994), one 
m igh t expect th a t  the  ac tu a l ra te  of change in  th e  bone in  response  to  age or 
trea tm e n t shou ld  also be greater. T his does no t explain th e  lack  of change in  Os 
Calcis SOS.
The reproducibility  of tUV m ay be too low to identify a  tren d  over the  3 year 
tim e period. W ith fu rth e r follow u p  a  tren d  m ay becom e m ore apparen t. The 
cross sectional d a ta  from  norm al vo lun teers w ould lead u s  to expect a  ra te  of 
decline of up  to 9 m s-1 /y ear, equivalen t to 2 7 m s-1 over a  3 year period. Even 
a  1% m easu rem en t e rro r w ould obscure  this.
In  sum m ary, tUV does n o t change rapidly  enough to  allow it to be  u sed  to 
follow the  n a tu ra l h isto ry  of osteoporosis over a  th ree-year period. In addition, 
tUV does no t show  an y  po ten tia l for assessing  skeletal response  to 
b isphosphonate  trea tm e n t of osteoporosis, e ither in  a  tria l or in  a  clinical 
setting.
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R e v ie w  o f  S y n c h r o n o u s  L itera tu re
T here have been  four a rea s  of re sea rch  in te re s t over the p a s t few years.
B ecause of th e  absence of ionising rad ia tion , th e  S o u n d scan  h a s  been  u sed  to 
a sse ss  bone quality  in  ch ild ren  an d  ado lescen ts bo th  w ith  and  w ithou t d isease 
s ta tes .
It h a s  also been  u sed  an d  assessed  in  adu lts , bo th  to accum ula te  no rm al data , 
an d  to  m easu re  correlations w ith  bone densitom etry  techn iques.
It h a s  been  u sed  to m easu re  th e  p rogression  of fractu re  healing.
It h a s  been  investigated  to fu rth e r  elucidate w hich featu res of bone are  
associa ted  w ith  varia tion  in u ltra so u n d  velocity.
Children and A d olescen ts
Falk  (2000) s tud ied  th e  effects of exercise in  two groups of 30  n ine  an d  ten  year 
old boys. Two different exercise p rogram s w ere u sed  for a n  8 m o n th  period. 
A lthough tUV rose, it did so by  th e  sam e am oun t in  each  group. There w as no 
control group, an d  so th e  change w as n o t dem onstrab ly  for any  reaso n  o ther 
th a n  growth.
Kaga (2002) exam ined a  cohort of 862 m ale an d  827 fem ale norm al Ja p a n e se  
ch ild ren  d u ring  growth, It w as confirm ed th a t  tUV increases rapidly  d u ring  
growth, an d  is reasonab ly  correlated  w ith  height, w eight an d  tib ial length. 
Lequin (2000 and  2001) h a s  exam ined 309 fem ale an d  287 m ale norm al D utch  
children. A strong  correlation betw een  age an d  tUV w as confirm ed for bo th  
m ales an d  fem ales. The m ajority  of th e  sam e cohort also h ad  phalangeal 
rad iogram m etric abso rp tiom etry  w ith  an  alum in ium  reference wedge. A 
m oderately  s trong  correlation  w as found betw een age an d  absorptiom etry , and  
betw een tUV an d  absorptiom etry . Lequin (2003) assessed  a  cohort of 25 m ale 
an d  12 female p a tien ts  w ho h ad  acu te  lym phoblastic leukaem ia. Over a  th ree
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y ear follow up , an d  largely w ith in  th e  first 6 m on ths, a  reduction  in  tUV w as 
observed. It w as concluded th a t  u ltra so u n d  velocity w as sensitive to d isease 
s ta tes . No o the r objective m e asu re  of bone w as m ade, an d  so it is n o t clear 
w h eth er the re  w as a  change in  bone (m ineralisation, a rch itectu re , porosity), or 
in  su b cu tan e o u s  soft tissue.
Njeh (2000) h a s  exam ined 22 C aucasian  ch ildren  w ith  juvenile idiopathic 
a rth ritis . Spine BMD an d  tibial UV w ere m easured . M oderately good correlation 
w as observed betw een th e se  two m easu res. BMD w as strongly  correlated  to age 
an d  weight. It w as concluded th a t  U ltrasound  Velocity m ay prove usefu l in  th is  
popula tion  group.
T hus, it can  be seen  th a t  u se s  in  ch ild ren  have been  practically  lim ited to the 
p roduction  of norm al d a ta  ranges. W hilst the re  have been  observed varia tions 
in  tUV rela ted  to health , it is u n c lea r w hether age, w eight an d  grow th rep resen t 
su c h  strong  confounding factors th a t  d iagnostic value will be  lost.
Adult Populations
Kim (2000) an d  M iyatake (2002) have exam ined tUV in  ad u lt populations. 
M iyake assessed  1176 norm al Ja p a n e s e  sub jects, of w hom  804  were female. A 
very low coefficient of varia tion  w as estab lished . Percentage body fa t w as 
inversely rela ted  to tUV. Age w as negatively correlated  to tUV. Kim assessed  the  
tUV an d  BMD of h ip  an d  sp ine of 106 K orean wom en. K appa values w ere 
calcu la ted  to a sse ss  ag reem en t of categorisation  a s  osteoporotic by tUV and  
BMD. A k ap p a  of 0 .35 betw een BMD sp ine  and  tUV w as found, an d  a  k ap p a  of 
0 .48  betw een BMD hip  an d  tUV w as found. No gold s ta n d a rd  su ch  as  frac tu re  
d u ring  follow u p  w as assessed .
It can  be seen  th a t  tUV can n o t be u sed  as  a  su b s titu te  for BMD m easu rem en ts. 
T hese s tu d ies  have n o t a ssessed  the  m ean ing  or value of tUV a s  a  m easu re  of 
skeletal health .
Fracture H ealing
Njeh (1998) u sed  a  p lastic  m odel to  te s t  th e  hypo thesis th a t  a  d iscon tinu ity  in  a  
m ateria l could be identified an d  quantified  by th e  reduction  in  tUV. The s tudy  
show ed th a t  th is  hypothesis described  th e  observed behav iour well.
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H um an  stud ies  are  now  requ ired  to a sse ss  the feasibility of u s ing  a  lim b w hich 
m ay be u n s tab le  due to a  fractu re. It will also be In teresting  to see if th e re  is a  
th resh o ld  w hich  determ ines frac tu re  union , or w h e th er in itia l healing  is 
m a tched  w ith  a  p artia l re tu rn  of no rm al velocities w hich only corrects as  
rem odelling is com pleted. Finally, th e  effect of surgical in terven tion  on expected 
m easu rem en ts  needs assessm en t.
Basic S c ien ce
Finally two s tu d ie s  have exam ined th e  effect of specific asp ec ts  of bone on 
varia tion  of tUV. One of th e se  (Pande 2000) is th e  su b jec t of C h ap te r 9 an d  will 
n o t be fu rtlier d iscussed . The o th e r (Prevrhal 2001) exam ined 22 norm al and  
23 postm enopausa l osteoporotic wom en. Tibial UV w as m easured , a s  w as a  
sam e site qCT. BMD w as m easu red  a t  the  sp ine an d  the  hip. The hypothesis 
tested  w as th a t cortical bone th ick n ess  an d  m ineral con ten t of th e  tib ia  would 
correlate m ost strongly  w ith  tUV an d  th u s  explain varia tion  in  tUV. There w as 
in  fact only m odest correlation  found betw een qCT m easu re s  an d  tUV (r=0.67 
an d  r=0.53). This w as barely  a  b e tte r  correlation th a n  th a t  betw een tUV and  
BMD a t th e  sp ine an d  th e  h ip  (r=0.5 for both).
It h a s  been  show n th a t  m any  asp ec ts  of skeletal s ta tu s  m ay con tribu te  to  tUV, 
an d  these  pub lished  s tu d ie s  suggest th a t bo th  arch itec tu re  an d  cortical 
th ick n ess  an d  cortical m ineral co n ten t are  involved. A com plete u n d e rs tan d in g  
rem ains elusive.
F u tu re  D ir e c t io n s
Prospective clinical s tu d ie s  are  requ ired  to  clarify the  sensitiv ity  of tUV in 
predicting individuals a t  h igh  r isk  of fracture. 3 year s tud ies  have now  show n 
th a t  tUV is n o t sensitive to  changes in  th a t tim e period re la ted  to osteoporosis 
or its  trea tm en t. It m ay be  b e tte r  w ith  m ore rapidly progressive d isease s ta te s  
in  a  sh o rt tim e period, or w ith  osteoporosis over a  m u ch  longer tim e scale. 
Again, only large prospective s tu d ie s  can  answ er th ese  questions.
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Use in  paediatric  an d  ado lescen t popu la tions is a  prom ising avenue. As 
previously sta ted , it is no t c lear w hether the  effects of grow th will overwhelm 
those  of disease. It is also n o t c lear w hether there  are  su ch  popula tions a t r isk  
of frac tu re  who could be  usefully  given preventative trea tm en t. It m ay be th a t  
th e  diagnosis itse lf of a  d isease  su c h  as  osteogenesis im perfecta is sufficient 
reaso n  to s ta r t  an d  m a in ta in  a  tre a tm e n t regime. F u rth e r  s tu d ie s  will no d o u b t 
exam ine th is.
F rac tu re  m anagem ent rem ain s  a  difficult area. The certa in  declaration  of 
frac tu re  u n io n  is elusive an d  con tinues to  be a  decision b ased  on pain , clinical 
stability, an d  rad iographic findings. This is partly  b ecau se  it  is the  
m easu rem en t of a  p rocess ra th e r  th a n  a n  event. Previous u ltra so u n d  
techn iques have lacked reproducibility. The S o u n d scan  h a s  answ ered one 
problem , b u t  o thers  rem ain . A no rad ia tion  te s t for u n io n  is an  a ttractive idea, 
b u t  m uch  fu rth e r  s tu d y  will be needed.
A basic  u n d ers tan d in g  of w h a t u ltra so u n d  is m easuring  is still elusive. We do 
know  th a t  it rapidly  changes du ring  childhood growth, and  changes slowly in 
old age. It is m oderately  correlated  w ith  BMD, an d  yet u n d e r certa in  conditions 
su ch  a s  Paget’s d isease it is com pletely independen t of BMD. It is affected by 
para thyro id  d isease an d  frac tu re  b u t  n o t necessarily  by glucocorticoids or 
b isph o sp h o n a te  drugs.
One expects th a t  in  vitro s tu d y  of m am m alian  or h u m a n  bone could elucidate 
the  rela tionsh ip  w ith  osteonal area, ex ten t of fatigue dam age, a sh  weight, 
cortical m odu lus an d  subreg ional density . Not least, i t  m ay be possible to 
explain the  wide varia tions in  u ltra so u n d  velocity of ad jacen t regions of the 
sam e bone w hich is observed in  vitro and  in  vivo.
There rem ains m u ch  w ork to  be done therefore before it is possib le to say  w h a t 
u ltra so u n d  velocity can  tell u s  ab o u t the  skeleton, an d  w hether it h a s  a  
p ractical m edical use.
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As a  final note, a lthough  th e  M yriad com pany gained FDA approval for 
d iagnostic  use , it failed to  m ake a  com m ercial success. The com pany h a s  since 
ceased  m anufac tu re .
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A ppendix
G lossary
A nisotropic- H aving different m ateria l p roperties w hen  s tre ssed  in  different 
p lanes
Cortex- The com pact lam ellar bone w hich  com prises th e  h a rd  ou ter 
cylinder of m am m alian  long bones
D iaphysis- The m id sh a ft of a  long bone- m ainly cortical
F luorosis- A bone d isorder cau sed  by  excess d ietary  or m edicinal fluoride.
Radiologically sclerotic bone is formed.
H aversian- The com pact bone arch itec tu re  w hich is iypically a rranged  in
con tiguous concentric  layers a round  longitudinally  oriented blood 
vessels. C harac terises cortical bone. (After Havers)
M edulla- The spongy lam ellar bone w hich form s the  in n e r p a r t of bone
M etaphysis- The end  of a  long bone -  m ainly cancellous
M odulus- A co n s ta n t describ ing of the  rigidity of a  m ateria l calcu la ted  as 
s tre s s /s tra in  (Pa)
O steom alacia-
Bone fragility condition characterised  by  im paired  m ineralisa tion  
of osteoid
O steon- A single H aversian  un it. The basic  rem odelling m echan ism  in 
bone.
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O steoporosis-
The final com m on pathw ay  of several conditions w hich  is typified 
by bone fragility, loss of bone m ass, an d  uncoupling  of apposition  
an d  reso rp tion  of bone in  th e  rem odelling cycle. M ineralisation 
shou ld  be norm al.
P lastic D eform ation-
P erm anen t change in  sh ap e  b rou g h t ab o u t by s tre ss
S tra in - The deform ation of a  m ateria l cau sed  by  a  load an d  expressed  as 
^d im ension /o rig ina l d im ension  s tra in  u n its
S tress- A deform ing force or load (N /m 2, or Pa)
T rabecu lar- The open netw ork a rch itec tu re  w hich charac terises  m edullary  
bone
Woven bone-
Bone typically seen  in  early fractu re  healing. The bone is laid 
down w ith  ran d o m  collagen orientation.
Yield streng th -
In m ateria ls  testing , tire po in t a t  w hich deform ation becom es 
irreversible (plastic)
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L ist o f  A bbreviations
BMC -Bone M ineral C onten t
BMD -Bone M ineral D ensity
BUA -B roadband  U ltrasound  A ttenuation
Cm -C entim etre
CV -Coefficient of V ariation
DPA -D ual Energy P hoton  A bsorptiom etry
DXA -D ual Energy X ray  A bsorptiom etiy
GPa -G igaPascals
KHz -KiloHertz
M -M etre
MHz -M egaHertz
Mm -Millimetre
PTH -Parathyroid  H orm one
QCT -Q uantitative C om puterised  Tom ography
R -C orrelation Coefficient
SPA -Single energy Photon  A bsorptiom etry
TUV -Tibial U ltrasound  Velocity
UV -U ltrasound  Velocity
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A ppendix  -  D ata S h ee t
Technical Information
Jotun Polymer
NORPOL 34-50
S O L D  g y  s c o - r r  b a d e r . A S  " fô C ii id  c
DESCRIPTION
Norpol 34-50 is a water clear speciality polyester specifically developed for all casting applications including buttons, encapsulation and clear and pigmented castings. The resin contains a trace level of Cobalt which is the minimum quantity required for curing and thus enables the excellent initial colour of the resin to be preserved. The exothermic heat of curing is developed over a longer period than with other resins, which reduces thermal shock and enables larger castings to be made.
PHYSICAL DATA IN LIQUID STATE AT 23oC
Properties Value Units Test Mtethod
viscosityICI Cone and PlateDensityAcid ValueMonomerMonomer Content Plash PointGeltime: 2% Butanox MSO Stability at 20»c from date of manufacture
280-330 1.12 < 25 Styrene 35 31.5 32-38 6
cps g/cm* mg KOH/g
5 Weight ocminutesmonths
BS 2782: Part 7: Method 7308: 1993 BS 3900: Part A12: 1975 (1991)BS 2782: Part 4: Method 432B: 1976
BS 3900: Part A9: 1986BS 2782: Part 8: Method 835C: 1980
In common with other preaccelerated polyesters gel time drift occurs on storage. To compensate for this more catalyst may be required.
Curing D ata
5nnula Catalyst AdditionalAccelerator Geltime Colour ofNo. MEKP 50% 1 % Cobalt at 20*C Cured Castings1 1.0% None 90 mins Water White2 2.0% None 50 mins Water White3 2.0% 0.1% 30 mins Water White4 1.0% 0.4% 15 mins V. Pale Pink5 1.0% 1.0% 8 mins Pale Pink6 0.5% 0.5% 22 mins V. Pale Pink7 0.5% 1.0% 11 mins Pale Mauve
MECgANICAL DATA IN THE CURED STATE
Properties Value Units Test Method
T e n s ile  S tren gth  T e n s ile  E lon gation  F le x u r a l S tren gth  F lex u ra l Modulus Volume Shrinkage  Heat D is to r t io n  Temp Barcol Hardness Water A bsorption  -  7 day
42
292254065030-3545
N/rom*%N/mm*N/mm*4oc934-1mg
BS 2782 BS 2782 BS 2782 BS 2782 BS 2782 BS 2782 BS 2782 BS 2782
PartPartPartPartPartPartPartPart
Method Method Method Method Method Method 10:Method 4: Method
320C: 320C: 335A: 33 SA; 644A: 121A: 1001: 430A:
19761976197819781906199119891983
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A ppendix  -  C riteria for “U n h ea lth y ”
1. C u rren t or previous fractu res.
2. Receiving trea tm e n t for co n cu rren t m alignancy.
3. M edication influencing bone; (high dose calcium , oestrogens, 
progestins, calcitonin, anabolic stero ids or b isphosphonates).
4. M alabsorptive s ta tes: (coeliac disease, C rohn’s d isease, etc).
5. Significantly im paired  ren a l function: (serum  crea tin ine  >0.3m m ol/l).
6 . Leucopaenia: (white cell co u n t <2* 10^ /1).
7. Hypocalcaem ia, hypophosphataem ia  or n o n  parathyro id  
hypercalcaem ia.
8 . Im pairm ent of hepatic  function  (Alanine T ran sam in ase  >2* u p p er 
limit).
9. Elevation of se ru m  alkaline p h o sp h a tase  activity an d  norm al hepatic  
function  suggesting  m etabolic bone disease: (ALP >2* u p p er limit).
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